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Abstract
Background: Exercise-induced breast discomfort is a barrier to females
participating in physical activity and has been associated with excessive vertical
breast displacement. Sports bras have been designed to provide external
breast support in order to minimise vertical breast displacement and, in turn,
reduce exercise-induced breast discomfort. Adequate breast support during
physical activity, however, requires both a supportive bra design as well as
correct bra fit.
Research Question: The overall aim of this thesis was to systematically
investigate factors affecting the fit and design of bras worn during physical
activity in order to develop breast support strategies to minimise the exerciseinduced breast discomfort experienced by females when participating in
physical activity. These strategies aimed to optimise bra fit and improve sports
bra design through a greater understanding of breast biomechanics during
physical activity.

Methods: A series of studies was conducted in two sections, bra fit (Section
A) and bra design (Section B). The laboratory-based bra fit studies (Chapters
2-4) investigated the various methods used to determine bra size as well as the
bra wearing behaviour and bra fit ability of females. A field-based clinical trial
was then conducted to assess the effect of an educational intervention related
to bra fit and design on the knowledge and bra wearing behaviour of females
(Chapter5). The bra design studies (Chapters 6-8) used biomechanical
methods to measure breast kinematics and kinetics during different forms of
physical activity (treadmill running and deep water running) and in different
types of breast support (fashion bra versus sport bra versus novel sports bra
design).

Major Conclusions: Exercise-induced breast discomfort can be minimised
by improving breast support through improvements in both bra fit and sports bra
design. It is concluded that a revision of bra sizing guidelines and educating
females in relation to professional bra fitting criteria are the main bra fit
strategies to improve breast support and comfort during physical activity. For
bra design, greater consideration of breast volume and breast shape, as well as
the forces generated on the bra/breast spring, is recommended to offer
improvements in breast support and comfort during physical activity. Specific
bra cup design modifications, which can provide greater breast elevation and
compression in encapsulation sports bras and increase the level of support
relative to breast volume, are also suggested to improve breast support, in
order to allow all females to exercise in comfort, irrespective of their breast size.
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Chapter 1
The Problem

Introduction
Exercise-induced breast discomfort was first identified as a problem in the
1970s [1-4], where 31% of female athletes surveyed reported experiencing
breast discomfort during exercise [1-4]. Research since then has associated
exercise-induced breast discomfort with vertical breast displacement during
activities such as running and jumping [5-11]. Unsupported breasts have been
found to move as much as 12 cm during treadmill running [5], whereby as little
as 2 cm of vertical breast displacement is sufficient to induce exercise-induced
breast discomfort in some females [11]. Exercise-induced breast discomfort is a
serious health issue, as it can act as a barrier to participating in physical activity
[5 6 9 11 12], depriving females of the associated secondary health benefits of
being physically active [13 14].
In an attempt to limit vertical breast displacement and the associated
exercise-induced breast discomfort, sports bras have been developed to provide
external breast support. External support is necessary as the anatomical breast
supports, the overlying skin and fine hair-like ligaments that connect the nipple to
the posterior fascia overlying the pectoralis major muscle [15 16 17] (Coopers’
Ligaments), are insufficient to limit breast movement during exercise [5 6 15].
Sports bras have been found to be effective in reducing vertical breast
displacement and its associated exercise-induced breast discomfort relative to
running bare-breasted or wearing low support bras (e.g. fashion bras) [5 6 9-11
18]. Current sports bras are made of materials that breathe to wick sweat away

The Problem

from the body; have lined seams that do not irritate or scratch the skin; bands
made of strong, sturdy material to support the breasts; straps that are wide and
padded so they do not dig into the shoulders; and have an overall aim to restrict
breast movement in the vertical plane [6 19]. Despite these design features, only
41% of adult females (n = 267, 20-35 years of age) surveyed reported wearing a
sports bra during physical activity, stating that they did not feel the need to or
had never even considered wearing a sports bra during physical activity [20].
Furthermore, the sports bras best at limiting breast movement have been ranked
the most uncomfortable to wear [6]. Therefore, in order to minimise the exerciseinduced breast discomfort experienced by females during physical activity,
design features of sports bras require systematic investigation to ensure sports
bras can provide adequate support and be comfortable to wear.
The most supportive bra design, however, will not be able to limit breast
movement unless it fits correctly [21 29]. Correct bra fit is therefore as important
as sports bra design in terms of limiting breast movement and exercise-induced
breast discomfort. The limited research on bra fit suggests that up to 100% of
females are wearing the wrong size bra [22 23], with the fitting discrepancy
greatest in females with large breasts [22]. Ill-fitting bras and insufficient breast
support can contribute to musculoskeletal pain secondary to poor posture,
including neck and back pain, upper limb nerve pain and headaches [22 24-27].
These symptoms can be so severe as to force females with large breasts to seek
a reduction mammaplasty [22 24-26 28 29].

In contrast, correctly fitted,

supportive bras have been found to alleviate up to 85% of these symptoms,
allowing females to exercise in greater comfort and possibly removing the need
for breast reduction surgery [22 28 29].
2
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To achieve correct bra fit, females must determine their correct bra size,
which incorporates a band size, expressed as a number (e.g. 10, 12; Australian
sizes) and a cup size, expressed as a letter (e.g. A, B).

Bra size can be

determined quantitatively using anthropometric measurements or qualitatively by
professional bra fitters using set criteria based on the component parts of the bra
[30]. Although professional bra fitters are trained to determine correct bra fit,
anecdotal evidence suggests that females do not commonly use professional bra
fitting services or quantitative bra size measurement methods. Instead, most
females try to estimate their own bra size, often without trying on any bras. As
poor bra fit can lead to negative health consequences, research is urgently
needed to investigate the bra wearing behaviour of females and the various
methods used to achieve correct bra fit, in order to improve the fit of breast
support options available to females and, in turn, reduce exercise-induced breast
discomfort.

Statement of the Problem
The overall aim of this thesis was to systematically investigate factors
affecting the fit and design of bras worn during physical activity in order to
develop breast support strategies to minimise the exercise-induced breast
discomfort experienced by females when participating in physical activity. To
achieve this aim, a series of studies was conducted to investigate bra fit (See
Section A) as well as the design of bras worn during physical activity (See
Section B).
To better understand factors affecting bra fit, methods of determining bra
size (Chapters 2, 3 and 4) were investigated in conjunction with the bra
wearing behaviour, bra fit status and bra fit ability of females (Chapters 3 and
3
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5). This was necessary to verify the bra fit status of females and to determine
the best method for females to independently select a comfortable, supportive
and well fitting bra suitable to wear during physical activity. The bra design
studies, Section B, investigated the relationship of breast kinematics and
kinetics with exercise-induced breast discomfort (Chapters 6 and 7).
Understanding these relationships would allow for recommendations to be
developed to improve sports bra design (Chapter 8), especially for females with
large breasts, so that all females could exercise in greater comfort and enjoy
the secondary health benefits of physical activity, regardless of their breast
size. The aim of each study and how the individual studies contributed to the
overall aim of the thesis is depicted in Figure 1.
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Thesis Aim: Systematic investigation of bra fit and bra design to
minimise exercise-induced breast discomfort experienced by females
participating in physical activity
Section A
Bra Fit

Section B
Bra Design

Chapter 2:
Do respiratory state & measurement method
affect bra size calculation?

Chapter 6:
Is exercise-induced breast motion and
discomfort reduced during deep water
running compared to treadmill running?

Chapter 3:
What is the best method for females to
independently choose a well-fitted bra? A
systematic investigation of bra sizing
methods.

Chapter 7:
What are the bra-breast kinetics
experienced by females with large breasts
during physical activity?

Chapter 4:
Is there a relationship between the correctly
fitted bra size, breast volume and bra size
cup size measurements?

Chapter 8:
Is exercise-induced breast discomfort less
in a sports bra designed to both elevate
and compress the breasts compared to a
standard sports bra?

Chapter 5:
Can breast support education improve the
bra fit and bra wearing behaviour of
adolescent females during physical activity?

Thesis Outcomes: Recommendations for breast support strategies (bra
fit and design) to minimise exercise-induced breast discomfort

Figure 1: Schematic representation of the bra fit and bra design studies and
how these studies relate to the thesis aim and outcomes

5

The Problem

References
1. Haycock CE, Gillette J. Susceptibility of women athletes to injury: Myths vs
reality. Journal of the American Medical Association 1976;236(2):163.
2. Gillette J. When and where women are injured in sports. Physician and
Sportsmedicine 1975;3(5):61-63.
3. Haycock CE. A need to know: Joggers and breast pain. Physician and
Sportsmedicine 1979;7(8):27.
4. Haycock CE, Shierman G, Gillette J. The female athlete - does her anatomy
pose problems? Proceedings of the 19th American Medical Association
Conference on the Medical Aspects of Sport 1978; American Medical
Association editor. American Medical Association Press, Monroe, WI: 1-8.
5. Boschma ALC. Breast support for the active woman: Relationship to 3D
kinematics of running [unpublished Masters Thesis]. Oregon State
University, 1994.
6. Lorentzen D, Lawson L. Selected sports bras: A biomechanical analysis of
breast motion while jogging. Physician and Sportsmedicine 1987;15(5):128139.
7. McGhee DE, Power BM, Steele JR. Does deep water running reduce
exercise-induced breast discomfort? British Journal of Sports Medicine
2007;41:879-883.
8. Mason BR, Page KA, Fallon K. An analysis of movement and discomfort of
the female breast during exercise and the effects of breast support in three
cases. Journal of Science and Medicine in Sport 1999;2(2):134-144.

6

The Problem

9. Shivitz NL. Adaptation of vertical ground reaction force due to changes in
breast support in running [unpublished Masters Thesis]. Oregon State
University, 2002.
10. Verscheure SK. How effective are different sports bra designs at attenuating
forces during jumping? [unpublished Masters Thesis].University of Oregon,
1999.
11. Gehlsen G, Albohm M. Evaluation of sports bras. Physician and
Sportsmedicine 1980;8(10):88-95, 97.
12. Gehlsen G, Stoner LJ. The female breast in sports and exercise. In: Adrian
ME, editor. Medicine and Sport Science. Basel, Switzerland: Karger,
1987:13-22.
13. Belza B, Warms C. Physical activity and exercise in women's health.
Nursing Clinics of North America.;2004;39(1):181-93.
14. Bernstein L, Henderson BE, Hanisch R, Sullivan-Haley J, Ross RK. Physical
exercise and reduced risk of breast cancer in young women. Journal of the
National Cancer Institute 1994;86(18):1403-1408.
15. Haycock CE. The Breast. In: Shangold M, Mirkin G, editors. Women and
Exercise: Physiology and Sports Medicine. Philadelphia, USA: F.A. Davis,
1988:181-185.
16. Osuch JR. Breast health and disease over a lifetime. Clinical Obstetrics and
Gynaecology 2004;45(4):1140-1161.
17. Hindle WH. The breast and exercise. In: Hale RW, editor. Caring for the
Exercising Woman. New York: Elsevier Sciences Publishing, 1991:83-92.

7

The Problem

18. Eden KB, Valiant GA, Lawson L, Himmelsbach J. Three dimensional
kinematic evaluation of sport bra design. Medicine and Science in Sports
and Exercise 1992;24 (supp 5):S187.
19. Haycock CE. How I manage breast problems in athletes. Physician and
Sportsmedicine 1987;15(3):89-95.
20. Bowles KA, Steele JR, Munro B. What are the breast support choices of
Australian women during physical activity. British Journal of Sports Medicine
2008;42(8):670-673.
21. Stamford B. Sports bras and briefs: Choosing good athletic support.
Physician and Sportsmedicine 1996;24(12):99-100.
22. Greenbaum AR, Heslop T, Morris J, Dunn KW. An investigation of the
suitability of bra fit in women referred for reduction mammaplasty. British
Journal of Plastic Surgery 2003;56(3):230-236.
23. Pechter EA. A new method for determining bra size and predicting
postaugmentation

breast

size.

Plastic

&

Reconstructive

Surgery

1998;102(4):1259-1265.
24. BeLieu RM. Mastodynia. Obstetrics and Gynecology Clinics of North
America 1994;21(3):461-477.
25. Ryan EL. Pectoral girdle myalgia in women: A 5 year study in a clinical
setting. Clinical Journal of Pain 2000;16(4):298-303.
26. Kaye BL. Neurologic changes with excessively large breasts. Southern
Medical Journal 1972;65(2):177-180.
27. Kerrigan CL, Collins ED, Striplin D, Kim HM, Wilkins E, Cunningham B et al.
The health burden of breast hypertrophy. Annual Meeting of the New

8

The Problem

England Society of Plastic and Reconstructive Surgeons; June, 2000;
Loconia, New Hampshire: 1591-1599.
28. Hadi MSAA. Sports brassiere: Is it a solution for mastalgia? Breast Journal
2000;6(6):407-9.
29. Wilson MC, Sellwood RA. Therapeutic value of a supportive brassiere in
mastodynia. British Medical Journal 1976;2:90.
30. Choice Magazine. Shadow Shop: Bra fitting services. Fit for what? Choice
Magazine. Sydney, Australia, 2005:15-19.

9

Section A
Bra fit

10

Chapter 2
How do respiratory state and measurement method affect bra
size calculations?
This chapter is an amended version of the published manuscript:
McGhee, DE and Steele, JR. How do respiratory state and measurement
method affect bra size calculations? British Journal of Sports Medicine
2006,40:970–974.

Abstract
Objectives:

This

study

investigated

effects

of

respiratory

state

and

measurement method on bra size calculation.
Methods: Bra size of 16 large-breasted women was measured during two
respiratory states, end voluntary inspiration and relaxed voluntary expiration,
and using two sizing methods, which were compared against subject-reported
bra sizes.
Results: Both respiratory state and measurement method significantly affected
bra size estimations, whereby measuring chest circumference during inspiration
increased both band and cup size. However, whereas bra size calculated using
the Chest Circumference method differed significantly to subject-reported bra
size, cup size calculated using the Breast Hemi-circumference method did not
differ significantly to subject-reported cup size.
Conclusions: As respiratory state significantly affected bra sizes, it should be
standardised during bra size measurements. A more valid and reliable bra
sizing method should be developed, possibly using the breast hemi11
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circumference method for cup size estimations and raw under bust chest
circumference values for band size.

Introduction
Bra size usually incorporates two components, the band size, expressed
as a number (e.g. 32, 34) and a cup size, expressed as a letter (e.g. A, B).
Band size is calculated by measuring an individual’s under bust chest
circumference (UBCC) at the inframammary fold.

An arbitrary number,

described in the Methods section of this paper, is then added to the UBCC
value to derive band size. Cup size is calculated by measuring the over bust
chest circumference (OBCC) at the level of the fullest part of the breast. The
difference between the OBCC and the band size dictates cup size. Cup size is
therefore dependent upon band size, although the volume of the same cup size
(e.g. C cup) varies between different band sizes (i.e. a 10C cup has a different
volume than a 12C cup) [1-5]. Furthermore, band size is not a standard length
(e.g. the length of a 10C band in one bra style may differ to another 10C band)
[6].
It has been suggested that between 70-100% of women are wearing the
wrong size bra with this fitting discrepancy greatest in largest breasted women
[7 8].

Inconsistency exists in bra fit research regarding what constitutes

“correct” bra size. For example, whereas some studies [7 9] consider correct
bra size to be based on a manufacturer’s sizing instructions, which are not
consistent among manufacturers, others [8] have considered the size each
subject reported as being most comfortable as the “correct fit”, although the
12
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ability of women to accurately assess their bra size has also been questioned [4
7-9].
Consequences of an Ill Fitting Bra
Correct bra fit is imperative to good health as ill fitting bras have been
reported to contribute to numerous upper quadrant pains suffered by women
who seek treatment by sports medicine practitioners. These include upper limb
neural symptoms and deep bra furrows caused by excessive strap pressure;
non-cyclical mastalgia, neck and back pain [7 10-13]; and exercise-induced
breast discomfort [14-16].

These symptoms can be so severe as to force

females with large breasts to seek reduction mammaplasty [5 7 8 10-13 17] or
inhibit these females from participating in physical activity [14-16]. It has been
suggested that correctly fitted bras can alleviate some of these symptoms,
allowing females to exercise in greater comfort and possibly removing the need
for breast reduction surgery [5 7 10 11 17]. Interestingly, marketing studies
suggest that comfort is not a primary selection criterion for many females when
they purchase bras [7 8 19]. Instead, factors such as cost, appearance and
restriction of breast movement have been cited as important selection criteria [7
8 14 15 18-20]. That is, females are willing to sacrifice physical comfort for
physical beauty [19].
Measuring Bra Cup Size
Acknowledging the importance of correct bra fit, which is impeded by a
lack of standardisation in bra sizing [1 2 5 7 8], Pechter [8] developed an
alternative method of bra cup size measurement.

This method involved

measuring the breast hemi-circumference from the medial to lateral
inframammary fold, across the nipple, while the large-breasted subjects were
13
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supine, braless, and with their shoulders slightly abducted.

A 7-inch*

measurement was classified as an A cup, 8-inches a B cup, with similar
increments in length for larger cup sizes. Assessing 100 women, Pechter [8]
reported a 77% match to the subject-reported bra cup size compared to a 23%
match using the Chest Circumference bra sizing method. Furthermore, Pechter
[8] identified a 2-inch difference in breast hemi-circumference values when
large-breasted subjects were measured in supine compared to standing.
Interestingly, the greatest discrepancies comparing the two methods were
evident for larger, ptotic (drooping) breasts.
It should be noted, however, that cup volume is not homogenous
amongst different bra band sizes.

For example, the 8-inch breast hemi-

circumference value is classified as a B cup only for a 34-inch band size,
whereby the same 8 inches is classified as a C cup in a 32-inch band or an A in
a 36-inch band size [1 2 5]. Smith et al. [4] compared subject-reported bra
sizes to total breast volume and found a wide range of breast volumes for the
one reported cup size, whereby total breast volume for a 34D ranged from 594
to 962 cc. These results suggest that at least some of the females must have
self-selected the wrong bra size or that the volume of cup size was not constant
amongst the supposed same size bras.
Problems with Bra Sizing
A search of 26 web sites describing bra sizing methods, accessed during
2005, illustrated high variability in the breast position recommended when
measuring bra size.

Greenbaum [7] cited large variations in bra size

estimations were caused by using these different recommended postures,
*

It is noted that measurements used to calculate bra size are usually reported in
inches rather than metric units, whereby 1 inch is equivalent to 2.5 cm.
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especially with females with large breasts where the flesh of the breast may
“spill over the subjects hands”, or with breast ptosis, where the circumference
would change considerably with different breast positions (see Figure 1).
Interestingly, no recommendations were found with respect to respiratory state
during bra size measurement.

It is speculated that chest circumference

measurements and, in turn, bra band and cup measurements would be
influenced by inspiration and expiration.

Therefore, we speculate that

respiratory state should be standardized during bra size measurement.

Figure 1: Over bust chest circumference (OBCC) measured with a subject
wearing a bra (bold line) and breast dependant (dotted line).
The
measurements are different between the two conditions; the OBCC with the bra
on will be greater. The OBCC measurement with different shaped breasts (pert
versus ptotic), in different positions (bra on, bra off, breasts lifted or dependant
under gravity, standing versus lying) would all change the resultant calculated
bra size.

Considering the substantial variation in the methodology used in the
chest circumference method to measure and calculate bra size; the variation in
breast shape, posture and respiratory state during bra size measurement;
together with inconsistencies between bra companies in cup volume for
different band sizes as well as band lengths, it is not surprising that as many as
70% of females have been reported to wear the wrong size bra. To assist
15
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females achieve correct fit, it is imperative that a consistent bra size
measurement and calculation method is identified and any factors that affect
bra size calculation, such as respiratory state, be identified. Therefore, the
purpose of this study was to investigate the effects of respiratory state and
measurement method on bra size calculation.

Methods
Participants
Sixteen pre-menopausal females (mean age = 31.9 ± 7.5 years; range =
19 – 40 years) with large breasts (≥ C cup) were selected as subjects. The
mean bra band size was 14 (± 2.3 band sizes, range 10–18) and mean cup size
was a D cup (range C–J), according to Australian sizing standards.

For

conversion to International sizes, please refer to Table 1. Subject exclusion
criteria included previous breast surgery, current pregnancy or current breastfeeding.

The University of Wollongong Human Research Ethics Committee

approved all recruiting and testing procedures and all subjects gave written
informed consent to participate in the study.
Bra Size Calculation
In order to investigate the effects of respiration on bra size estimation,
the two measurements (OBCC and UBCC) of the Chest Circumference method
were recorded three times each per subject during two respiratory states: end
voluntary inspiration and relaxed voluntary expiration (minimal accessory
muscle effort). The mean of the three measurements per subject per condition
was used in further analysis. To achieve these respiratory states the subjects
were asked to “breathe in and hold” and to “gently breath out and hold”,
respectively. The same trained assessor [DEM] took all measurements using a
16
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metal tape measure, which was kept level across the subject’s back. The tape
was held firmly but not tightly and did not indent the breast tissue.

Table 1:
International bra size conversion chart (adapted
www.lingeriemart.com/Corporate_info/International_size_chart.htm).

Australia
10AA
10A
10B
10C
10D

US
32AA
32A
32B
32C
32D

UK
32A
32B
32C
32D
32DD

France
85A
85B
85C
85D
85DD

International
70 A
70 B
70C
70D
70DD

12AA
12A
12B
12C
12D
12DD

34AA
34A
34B
34C
34D
34DD

34A
34B
34C
34D
34DD
34E

90A
90B
90C
90D
90DD
90E

75 A
75 B
75C
75D
75DD
75E

14AA
14A
14B
14C
14D
14DD

36AA
36A
36B
36C
36D
36DD

36A
36B
36C
36D
36DD
36E

95A
95B
95C
95D
95DD
95E

80 A
80 B
80C
80D
80DD
80E

16AA
16A
16B
16C
16D
16DD

38AA
38A
38B
38C
38D
38DD

38A
38B
38C
38D
38DD
38E

100A
100B
100C
100D
100DD
100E

85 A
85 B
85C
85D
85DD
85E

from

The OBCC was measured level with the most prominent part of the
breasts, with the subjects standing and braless so that the breasts were
dependant. The UBCC was measured level with the inframammary fold, while
the subjects stood braless with the breasts held elevated by the subject’s hands
to expose the inframammary fold. Band size was then calculated using the
Chest Circumference method of bra size estimation. This involved adding the
most common recommended arbitrary number, which ranged from 2 to 6 inches
as reported in a search of 26 web sites of bra size measurement (accessed
17
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2005), to the UBCC measurement. Four inches were added to an even UBCC
measurement and 5 inches to an odd UBCC measurement. For example, an
UBCC of 28 inches resulted in a 32-inch band size (28 + 4). Cup size was also
calculated using the Chest Circumference method of bra size estimation, which
was based on the difference between the OBCC measurement and band size.
For example, an OBCC-band size difference of 1-inch equated to an A cup,
whereas a 2-inch difference equated to a B cup [1 4 7 ].
The Breast Hemi-circumference (BH) [8] was also recorded for each
subject, measuring from the medial to lateral mammary folds, while the subjects
were braless and supine with their shoulders abducted to 45 degrees. Again
the tape did not indent the breast tissue during measurement.

The BH

measurement was recorded to enable later comparisons between the bra size
calculated using this method and the standard method relative to the subjectreported bra size (i.e. the size of a comfortable bra regularly worn by each
subject). The methods used to measure the OBCC, UBCC and BH proved to
be highly reproducible, with intraclass correlation (ICC) values, calculated using
the method described by Vincent [20], ranging from R = 0.999 (OBCC), R =
0.999 (UBCC) and R = 0.998 (BH) for within-day reliability assessments.
Statistics
Means and standard deviations were calculated for the OBCC and
UBCC measurements in the two respiratory states (inspiration and expiration).
A Kolmogorov-Smiranov test (with Lillefors’ correction) was used to test all data
for normality and non-parametric tests were used if the data violated the
assumption of normality.

Paired t-tests were then used to determine any

significant (p ≤ 0.05) differences in the chest circumference measurements for
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the two respiratory states.

Bra band sizes calculated in inspiration and

expiration were compared against the subject-reported band sizes using
Wilcoxon signed ranks tests to determine the effects of respiratory state on
band size calculations. The subject-reported cup size was compared with the
cup sizes calculated using the BH methods and Wilcoxon signed ranks tests
were used to determine any significant difference in cup size calculations. All
statistical analyses were conducted using SPSS software (SPSS 11.5 for
Windows).

Results
Effects of Respiration on Bra Size Calculations
The mean (± standard deviation) UBCC and OBCC values measured
during inspiration and expiration for the 16 women are displayed in Figure 2.
The bra sizes calculated from these measurements are compared to the
subject-reported bra sizes in Table 2.
The mean UBCC and hence the calculated band size was significantly
greater when measured during inspiration compared to expiration (t = 4.3, p =
0.001; see Figure 2). In fact, the difference in the band size measurement
between the two respiratory states ranged from 0 to 6 inches, with an average
difference of 1.9 ± 1.8 inches. This between-respiratory state difference in band
size would equate to an average error of one band size, with a potential of up to
four band sizes in error if respiratory state was not standardised. Interestingly,
band size calculated during inspiration matched the subject-reported band size
within one size error for only three of the 16 subjects (18%), who specifically
stated they wore loose fitting bras, and four subjects (25%) when measured
during expiration.

Consequently, the subject-reported band sizes were
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significantly different to the band sizes calculated for both inspiration (Z = -3.3, p
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< 0.001) and expiration (Z = -2.8, p = 0.005).

Figure 2: The mean (± SD) under bust chest circumference (UBCC) and over
chest circumference bust (OBCC) values measured during inspiration (Inspir)
and expiration (Expir) for the 16 women (*indicates a significant betweenrespiratory state difference at p < 0.05).

The OBCC values, and consequently cup size calculations, were also
significantly different (t = 3.5, p = 0.003) in the two respiratory states. The
between-respiratory state difference in OBCC value was on average 1 inch,
0.75 ± 0.86 inches (range 0-2 inches) greater during inspiration relative to
expiration, which equated to one cup size error.

As band sizes were over

estimated, relative to subject-reported band sizes, when using the standard bra
size calculations in inspiration and expiration, cup sizes were consequently
under estimated (ranging from 1 to 4 cup sizes in inspiration and 0 to 4 cup
sizes in expiration) (Table 2).
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Table 2: Subject-reported bra sizes compared to bra sizes calculated for each
subject using the Chest Circumference method of bra sizing (based on chest
circumference values measured in inspiration and expiration) and using the
Breast Hemi-circumference method. The bolded values are calculated sizes
that matched the subject-reported bra size to within one size error.
Subject
No.

Subjectreported bra
size

Bra size:
Chest Circumference
method in inspiration

Bra size:
Chest Circumference
method in expiration

Cup size:
Breast Hemicircumference
method
J

1

16J

20F

20E

2

12C

16AA

12C

C

3

12D

20AA

16A

C

4

12C

14A

14C

B

5

16C

16C

14C

F

6

14D

18AAA

16A

D

7

14C

18AA

14D

D

8

12C

16A

16A

E

9

10D

14AA

12A

D

10

16D

22A

20A

E

11

10E

16AA

12AA

F

12

14C

18AAA

12AA

C

13

12E

14B

14B

D

14

14D

18A

16A

E

15

14C

18AA

18AA

C

16

18C

26AA

26AA

F

Effects of Measurement Method on Bra Size Calculations
Bra size calculated using the Chest Circumference method matched the
subject-reported bra size (cup and band size together, matched to within one
cup and band size of error) for only four of the 16 subjects (25%) when
measured in expiration and one (6%) of the subjects when measured in
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inspiration. However, cup size calculated using the BH method matched the
subject-reported cup size in 6 subjects (38%) and matched to within one cup
size of error in another 7 subjects (44%), therefore 82% in total. There was no
significant difference between the subject-reported cup size and the cup size
calculated using the BH method (Z = -1.6, p = 0.101). In contrast, cup size
calculated for both inspiration and expiration using the Chest Circumference
method were significantly different to the subject-reported cup size (Z = -3.3, p =
0.001). In both respiratory states, cup size was underestimated compared to
the subject-reported values (Table 2).

Discussion
Effects of Respiration on Bra Size Calculations
The difference in bra size calculated at end voluntary inspiration
compared to expiration confirmed the notion that variation in respiratory state is
another potential source of error in bra sizing when using the chest
circumference method of bra size calculation. As both the UBCC and OBCC
values changed with inspiration and expiration, the average relative difference
equated to an error of one band size and one cup size. Although this is a small
difference on average, the range from 1 to 6 inches could cause a more
substantial error, confirming the need for respiratory state to be standardized
during bra size measurement. Interestingly, the subject-reported band sizes
were smaller than the sizes calculated for 15 subjects (95%) during inspiration
and 12 subjects (75%) during expiration.

This confirmed the results of

Greenbaum et al. [7], implying that the large-breasted women in the present
study chose bras with tight bands.
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As band sizes were over estimated in both respiratory states, cup sizes
were consequently underestimated.

The cup size discrepancy was greater

during inspiration (ranging from 1 to 4 sizes in inspiration and 0 to 4 in
expiration), with the greatest discrepancy to the self-reported size in the
subjects with larger ptotic breasts or broad breasts.

In agreement with

Greenbaum et al [7], it is postulated that cup size might have been
underestimated because cup size was measured with the breasts naked and
dependant (Figure 1) rather than with a bra on. A breast dependant method
was used in the present study to avoid variation in the OBCC caused by the
breasts possibly hanging at different heights due to subjects wearing different
bras. It is therefore important to educate women not to breathe in and hold their
breath during bra size measurement or her D cup breast may well be calculated
to be AA, as was the case for Subject 3 (Table 2).
Effects of Measurement Method on Bra Size Calculation
The Chest Circumference method of calculating bra sizes was
statistically different to the subject-reported bra size, irrespective of respiratory
state.

Although the discrepancies were less in expiration compared to

inspiration, it must be questioned whether the Chest Circumference method
assists or hinders women in selecting the correct size bra. The discrepancies
were substantial, even when considered as component parts of band and cup
size. That is, self-reported band size matched the band size (to within one size
error) calculated using the Chest Circumference method for only one subject
(6%) in inspiration and four subjects (25%) in expiration (when an arbitrary
number of 4 and 5 inches was added), with discrepancies of 4 and 5 sizes.
Furthermore, cup size matched (to within one size error) only one subject (6%)
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in inspiration and four subjects (25%) in expiration, again with discrepancies of
4 to 5 cup sizes.
Pechter [8] recommended the BH method to calculate cup size and the
raw UBCC to determine band size, with no arbitrary additions as the variations
in this arbitrary number can vary the band size by several sizes. As cup size is
a measure of breast volume, it appears logical to specifically measure the
breast rather than the OBCC, as in the Chest Circumference method of bra
sizing.

The present results are consistent with Pechter [8] as cup size

calculated using the BH method matched within one-cup size of the subjects’
self-reported cup size for 82% of subjects, with no statistical difference between
the two measurements. Retrospective video observations of the other 18% of
subjects supported the BH sizing method to be the correct estimate of cup size.
A direct measurement of breast volume would have been preferable to confirm
this notion, but was unavailable during this investigation.
It is imperative that standardised procedures are used to facilitate valid
and reliable chest circumference measurements. This includes standardising
breast position during measurement, using a raw UBCC value without adding
any arbitrary number due to the high variability in arbitrary numbers
recommended by different manufacturers; and standardising the level at which
the band measurements are taken around the chest. This level should be at the
inframammary fold, with ptotic breasts lifted during this measurement.

A

correctly fitted band should not be too tight or “cut in” to the torso but should be
firm enough so the band does not shift up during upper limb movement and it
should sit level posteriorly with the inframammary fold. Bands that are too loose
can cause the straps to bear excessive pressure. Ultimately, bra sizes need to
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be standardised amongst all manufacturers and amongst in all styles. Currently
cup volumes and band lengths are not always consistent among manufacturers
or even within different styles of bras made by the same manufacturer. That is,
an accurately measured 14C is not always a 14C [2-4].
Three different breast shapes were evident in the present study; (i) pert
(1 subject), (ii) ptotic (11 subjects), and (iii) broad (4 subjects).

Bra size

calculations using the standard method matched the subject-reported bra size
in the pert breasted subject only, whereas the BH method resulted in more
matches, irrespective of breast shape. It is speculated this was related to the
more homogenous shape of the breasts when the subjects were supine
compared to standing. The supine position is required by the BH method for
large breasts, while standing is required for the Chest Circumference method.
In standing, the ptotic breasts were hanging at a lower level and were more
varied in shape compared to the pert and the broad breasts.

Conclusion
As respiration significantly affected bra size, respiratory state should be
standardised during bra size measurement. It is recommended that females
reach relaxed end expiration while chest circumference measurements are
being recorded.

The high number of discrepancies between bra sizes

calculated using the Chest Circumference method of bra sizing and the subjectreported bra size highlights the lack of credibility of the current Chest
Circumference bra sizing method, particularly for females with large breasts. It
is therefore recommended that a new valid and reliable bra sizing system be
developed to assist females select correctly fitting bras. Such a method should
specify the posture, breast position and respiratory state during measurement,
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as well as a standardised procedure for calculating cup size and band sizes. As
common aims of sports medicine are to promote physical activity and improve
posture to alleviate musculoskeletal symptoms, assessing and educating
female patients with respect to the importance of bra fit should be inherent
components of the treatment process, particularly in large-breasted, inactive
female patients.
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Chapter 3
Optimising breast support in female patients through correct
bra fit. A cross-sectional study

This chapter is an amended version of the manuscript accepted for
publication: McGhee, DE and Steele, JR. Optimising breast support in female
patients through correct bra fit. A cross-sectional study. Journal of Science and
Medicine in Sport. In press, April, 2010.

Abstract
Background: Ill fitting bras and insufficient breast support can lead to the
development of musculoskeletal pain and inhibit women participating in physical
activity.

This study aimed to systematically determine the best method for

women to independently choose a well-fitted bra.
Methods: The bra size of 104 women (mean age = 43.5 ± 13.2 years; average
bra size = 12DD; band size range = 10-24, cup size range = A - G cup;
Australian sizes) was determined through self-selection and bra size
measurements. This was compared to the “correct bra size” as determined by
professional bra fitting criteria, which was also used to assess the bra fit of each
participant’s own bra.
Setting: Biomechanics Research Laboratory from November 2008 to January
2009.
Results: Eighty-five percent of the participants were found to be wearing illfitting bras and the bra sizes determined by self-selection or using bra sizing
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measurement systems were significantly different to the correct bra size (p <
0.001).
Conclusion: Therefore, women were found to have a poor ability to
independently choose a well-fitted bra, which was not improved by trying on
several bras or using bra sizing measurements. Education of professional bra
fitting criteria may offer medical practitioners and allied health professionals a
simple strategy to improve the ability of their female patients’ to independently
choose a well-fitted bra and, in turn, prevent the negative health outcomes
associated with poor bra fit.

Introduction
For a bra to be comfortable and provide adequate breast support, it must
fit correctly.

Research suggests, however, that up to 100% of females are

wearing the wrong size bra [1-3]. An ill-fitting bra is a serious medical issue as
it can contribute to numerous negative health outcomes, such as upper limb
neural symptoms and deep bra furrows caused by excessive strap pressure;
neck and back pain [1 4-6], as well as poor posture and exercise-induced breast
discomfort [7-9]. These symptoms can be so severe as to force females with
large breasts to seek reduction mammaplasty [1 4-6 10 11] or inhibit these
females from participating in physical activity [7 8 9]. Interestingly, correctly
fitted, supportive bras have been found to alleviate up to 85% of these
symptoms, allowing females to exercise in greater comfort and possibly
removing the need for breast reduction surgery [1 11]. Medical practitioners
and allied health professionals, who frequently treat the negative health
outcomes associated with ill-fitting bras, are an ideal source to provide advice to
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improve the breast support and bra fit of their female patients. However, given
that such a high proportion of females are wearing the wrong size bra, the
question arises as to what is the best method to achieve correct bra fit?
Professional bra fitters are trained by bra manufacturers [12 13] to
determine correct bra fit by assessing the fit of the component parts of a bra
against set criteria (Table 1) [12 14]. Anecdotal evidence suggests, however,
that females do not commonly use professional bra fitting services, but rather
independently select their bra size, with or without trying any bras on. This is
because professional bra fitting services are not available at the place of
purchase or are chosen not to be used. The options available to improve the
ability of females to independently choose a correctly fitted bra are therefore to
ensure that several different bra sizes are tried on prior to final selection or by
incorporating bra sizing measurements, such as the Chest Circumference or
Breast Hemi-circumference method, into self-selection.
No published study has physically assessed the bra fit of females and
systemically assessed their ability to independently select the correct size bra,
against a known correctly fitted bra size. Therefore, the true bra fit status and
the best method for females to independently select a well-fitted and supportive
bra is unknown. As ill-fitting bras can lead to serious health issues, this study
aimed to systematically determine the best method for females to independently
choose a well-fitted bra. We hypothesized that the bra size determined by selfselection (trying on several bras) or through the use of bra sizing measurements
would result in poorer fit compared to that determined qualitatively by clear brafitting criteria. The results of this study can used by medical practitioners and
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allied health professionals to educate female patients on how to best
independently select a well fitted and supportive bra.

Table 1: Professional bra fitting criteria.
Band

 too tight: flesh bulging over top of band, subjective discomfort
“feels too tight”
 too loose: band lifts when arms are moved above head, posterior
band not level with inframammary fold

Cup

 too big: wrinkles in cup fabric
 too small: breast tissue bulging above, below or at the sides

Under wire
Straps

 incorrect shape: underwire sitting on breast tissue laterally (under
armpit) or anterior midline, subjective complaint of discomfort
 too tight: digging in, subjective complaint of discomfort, carrying
too much of the weight of the breasts
 too loose: sliding down off shoulder with no ability to adjust the
length

Front band
Rating of Bra Fit

 not all in contact with the sternum
 Pass: no errors or if hooks or straps can be adjusted to allow
correct fit
 Fail: any other ticks

Methods
Participants
One hundred and four women, representing a wide range of ages (mean
age = 43.5 ± 13.2 years); bra sizes (average bra size = 12DD; band size range
= 10-24, cup size range = A - G cup; Australian sizes), and physical
characteristics (height 1.6 m (1.5-1.8 m); weight 71 kg (46-123 kg); number
children (median 2, (0-5)), volunteered to participate. The participants were
recruited through an article describing the study in a local newspaper and
advertisements that were distributed throughout the local region at sporting
venues and workplaces. As hormone levels can influence breast connective
tissue, participants were not currently breast feeding or pregnant and had no
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history of breast surgery. To characterise the cohort, participants were asked
details of their bra purchasing behaviour and whether they currently
experienced breast discomfort with exercise (Table 2).

All recruiting and

testing procedures were approved by the University of Wollongong Human
Research Ethics Committee (HE05/83) and all participants gave written
informed consent to participate in the study.

Table 2: Bra wearing behaviours of the study participants (n=104)
Participant Characteristics
 Reported bra size*, mean (range)

Result

Proportion
(95% Confidence Interval)g

Band: 12 (10 - 24)
Cup: DD (A - G)

 Previously used professional bra fitting
services
 Last used professional bra fitting
services
 Usually purchase bras without the use
of professional bra fitting services
 Purchase range of bra sizes, not one
consistent size
 Duration bra worn

n = 81

78 (69,85)

48 months

48 (34-61)

n = 96

92 (85, 96)

n = 67
27 months

64 (55, 73)
27 (22.7-31.6)

 Currently experience exercise-induced
breast discomfort
n = 43
41 (32, 51)
* Australian bra sizes
g 95% CI expressed as %, (lower bound, upper bound). Last used professional bra fitting
services and duration bra worn reported as months.

Experimental Procedures for Determining Bra Size
The bra size of each participant was determined using four methods: (i)
professional bra fitting criteria (Table 1), (ii) self-selection where the participants
tried on several different bra sizes in front of a mirror, prior to selection, (iii) the
Chest Circumference measurement method [1 2 15], and (iv) the Breast Hemicircumference measurement method [3 16].

Bra size in each method was

determined for the one style and make of bra (New Legend sports bra, Berlei,
Pacific Brands, Victoria, Australia), known as the test bra, to minimise error
associated with different brands and styles of bras [17-20]. All methods were
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performed in a randomly allocated order, with the measurements and
professional fitting criteria performed by the one trained assessor [DEM]. High
reliability of each method was established before testing commenced, with intraclass correlations of R = 0.92 for professional bra fitting, R = 0.94 for the Chest
Circumference method, and R = 0.96 for the Breast Hemi-circumference
method. Reliability was established by testing 7 participants, 3 times over 3
consecutive days.
The test bra size determined using the professional bra fitting criteria was
deemed to be the correct size, or “gold standard”. Six participants (6%) had to
be excluded from the study as they could not be fitted into the test bra correctly,
either because the bra was not manufactured in their size or their breast shape
did not allow correct fit in this bra style. Validity of the professional bra fitting
criteria has previously been established by three professional bra fitters [12].
The same criteria were also used to assess the fit of the bra that the
participants wore to the test venue on the day of testing, ranking it a pass or fail
of fit. This was assessed to illustrate the ability of women to choose the correct
size bra under normal circumstances, where they choose from a large range of
styles, brands and sizes.
The Chest Circumference measurement procedures followed the
Australian Standard guidelines
manufacturer

for

[21], as well as guidelines provided by the

the

test

bra

band

size

(www.berlei.com.au/GetFittedOnline/RightFit.aspx, accessed April, 2009). Bra
size was determined from a table derived from two measurements; (i) the under
bust chest circumference (UBCC) measurement, the horizontal girth of the body
just below the breasts [21], to which an arbitrary number was added to
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determine band size; and (ii) the over bust chest circumference (OBCC), the
maximum horizontal girth measured during normal breathing, with the subject
standing upright and the tape measure passed over the shoulder blades, under
the armpits and across the nipples [21]. Cup size was derived by subtracting
the band size number from the OBCC. The Breast Hemi-circumference method
measured the distance from the medial to lateral inframammary fold on each
breast across the nipple when the participants were supine, braless, and their
shoulders slightly abducted.

This measurement was related in inches to a

corresponding table to determine the bra size [16].
Statistics
The bra sizes determined by self-selection and the measurement
methods were compared to the professionally fitted correct bra size using
McNemar tests to determine any significant between-method differences in the
derived bra sizes. McNemar tests were also used to assess the fit of each
participant’s own bra against professional fitting criteria. All statistical analyses
were conducted using SPSS software (SPSS 11.5 for Windows) with the alpha
level set at p < 0.05 and the 95% CIs were calculated using the modified Wald
method [22].

Results
Bra Size
The test bra size determined using the self-selection, the Chest
Circumference

and

Breast

Hemi-circumference

measurements

were

significantly different to that determined through professionally fitted criteria
(Table 3). The bra components that failed to fit when the participants selfselected a test bra size compared to their own bra were remarkably similar
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(Table 4), except the participants’ own bra had the additional problem of the bra
being too old. Of the 100 participants who were wearing a bra on the day of
testing, 85 participants (85%) were wearing ill-fitting bras and 58 (59%)
participants self-selected the wrong size bra (Table 4).

Table 3: The number of participants and 95% Confidence Intervals of the bra
size determined by the Chest Circumference, Breast Hemi-circumference and
Self-selected methods matching the professionally-fitted correct bra size (n =
98)
Number of
participants in the
correct bra size

Bra Size Calculation Method (p value)

Proportion*
(95% CI)

Chest Circumference (Australian Standard
Instructions) (p < 0.001)

11

11
(6, 19)

Chest Circumference band size
(Manufacturers Instructions) (p < 0.001)

37

38
(29, 48)

Breast Hemi-circumference (p < 0.001)g

0X33 3

3
(1, 9)

42
(33, 52)
* 95% CI expressed as %, (lower bound, upper bound); g Calculations were based on 86
participants for the Breast Hemi-circumference method as only 86 participants were in the range
of the classification system.
Self-selected method (p < 0.001)

41

Table 4: The bra components that failed the professional bra fitting criteria,
number that failed (n), proportion and 95% CI of the self-selected bra size and
the participant’s own bra
Participant’s own bra
(n=85g)
Proportion
n
(95% CI)
53
45
Underwire shape
(42, 63)
39
33
Cup size too small
(30, 50)
19
16
Cup size too big
(12, 29)
6
5
Band size too small
(2, 13)
52
44
Band size too big
(41, 62)
22
n/a n/a
19
Bra too old
(15, 32)
* 58 of the 98 participants failed to fit correctly in their self-selected bra; g 85 of the 100
participants (proportion 85, 95%CI 77,91) who wore a bra on the day of testing failed to fit
correctly in their participant’s own bra; gg 95% CI expressed as % (lower bound, upper bound)
Bra Component

Self-selected test bra size
(n=58*)
Proportion
n
(95% CI)gg
69
40
(56, 79)
73
43
(63,86)
19
11
(11, 31)
9
5
(3, 19)
50
29
(38, 63)
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Discussion
The poor match of bra sizes determined by self-selection and the
measurement methods relative to the correctly fitted bra size determined by
professional bra fitting criteria suggest that education of professional bra fitting
criteria is the best method to improve bra fit, and in turn breast support, of
women. Medical practitioners and allied health professionals, who frequently
treat the negative health outcomes associated with poor breast support and
promote public health of their female patients, are an ideal source to provide
advice to improve the breast support and bra fit of their female patients. The
high incidence of exercise-induced breast discomfort reported by the
participants (Table 2) and the fact that exercise-induced breast discomfort and
embarrassment over physical appearance are known barriers to physical
activity in adult [7-9] and adolescent females [22 23 24] respectively, suggests
that improved breast support may have long-term health benefits on nearly half
the population
Although previous studies have reported similar high levels of poor bra
fit, the design of these studies were limited in that they assumed the subject
reported bra size [3] or the bra size derived using bra size measurements [1]
fitted correctly, and the bra style and brand of the bra sizes compared were not
standardisation. In contrast, the current study is the first to use a professional
bra fitter to physically assess bra fit and to systematically compare bra size
determined using various methods for the one style and make of bra. This
methodology eliminated any potential errors due to the lack of standardisation
of bra sizes amongst different bra manufacturers and different bra styles.
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Our results suggest that if females follow standard bra sizing
measurement instructions to select a bra, they are unlikely to improve their bra
fit status. The measurements appear at best to serve as an estimate of the
correct size [2 16]. Furthermore, the results suggest, as has previous research
[2 3], that the Australian Standard guidelines for determining bra size need to be
reviewed, particularly as the test bra was designed by an Australian
manufacturer for Australian women.

The authors speculate that the low

percentage of correctly fitted bras using the Breast Hemi-circumference method
may be related to differences between Australian and American bra sizes,
although this warrants further investigation.
Consistent with anecdotal evidence, only a small percentage of
participants reported using professional bra fitting services (Table 2), reinforcing
the need to improve the ability of females to independently select a well-fitted
bra. The higher percentage of ill-fitting bras when the participants’ own bras
were assessed suggests that when women have greater choice of style and
brand of bra, their ability to select the correct size decreases compared to when
they have just one style to choose from, as in the self-selected method in the
current study. The consistency in the bra components that failed to fit in the
participant’s own bra and the self-selected test bra (Table 4) suggests that the
female participants used the same method to choose their bra size in both
circumstances and that these bra fitting aspects might be key criteria requiring
education. Medical practitioners and allied health professionals are central to
promoting health and physical activity, as well as treating musculoskeletal pain
secondary to large breasts in female patients.

They are therefore an ideal

source to provide evidence-based advice or educational resources to improve
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the breast support and bra fit of their female patients. Future research could
develop an educational resource suitable for medical practitioners and allied
health professionals to make available to their female patients, and assess its
ability to improve their bra fit status.

Conclusion
Adult females were found to have a poor ability to independently choose
a well-fitted bra, which was not improved by trying on several bras or following
bra sizing measurement systems. Education of professional bra fitting criteria
by medical practitioners and allied health professionals during routine
consultations or as part of treatment for breast-related symptoms could improve
the ability of their female patients’ to independently choose a well fitted bra and,
in turn assist to promote physical activity and prevent the development of or
progression of musculoskeletal disorders associated with poor bra fit.
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Chapter 4
Relationships among breast volume, bra size and bra size cup
size measurements in healthy women

This chapter is an amended version of the manuscript submitted for
publication: McGhee, DE and Steele, JR. Relationships among breast volume,
bra size and bra size cup size measurements in healthy women. Journal of
Applied Ergonomics. Submitted for publication October, 2009.

Abstract
Purpose: Although incorrect bra fit and breast support can lead to numerous
negative health outcomes in females, little is known of the relationship between
breast volume and the bra cup size that should fully encase each breast. The
aim of this study was to investigate the relationship between breast volume and
professionally-fitted bra sizes, as well as breast volume and quantitatively
determined bra cup sizes.
Methods: Breast volume of 104 women, measured via water displacement,
was compared to their professionally-fitted bra size and bra cup size determined
using the Chest Circumference and Breast Hemi-circumference bra sizing
methods.
Results: A range of breast volumes was found to correspond to the one bra
size and the volume of any given cup size was not homogenous amongst
different band sizes.

A positive significant correlation was found between

breast volume and bra cup size measurements, which was stronger for the
Breast Hemi-circumference bra cup size measurement (R2 = 0.84) than the
Chest Circumference bra cup size measurement (R2 = 0.49).
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Conclusions: Females should not consider themselves to be an isolated cup
size, but rather a combination of a band and cup size, as their cup size will be
different in a different band size. The stronger relationship between the Breast
Hemi-circumference measurement and breast volume suggests that for bra
fitting purposes, directly measuring the breast hemi-circumference is a better
estimate of bra cup size than chest circumference measurements.

Introduction
A poorly fitted bra can pose a serious health issue as it can contribute to
head, neck, back and upper limb pain, which, in severe cases, can force women
to seek a reduction mammmaplasty [1]. Inadequate breast support can also
inhibit females from participating in physical activity, and enjoying the
associated health benefits [2] due to exercise-induced breast discomfort.
Consequently, correct bra fit is vital to the health and quality of life of many
females, particularly those with large breasts.
To provide adequate breast support, the volume of a bra cup should
equate to the volume of the breast within it [18], so that the breast is fully
encased within the cup.

However, the high reported incidence of females

wearing ill fitting bras (70-100%) [3-5] suggests that many females do not know
their true breast size and shape [6], such that they are unable to accurately
match their breast volume to the correct bra cup size.
Accurate and reproducible measurement of breast volume is difficult due
to the diverse physiognomy of the breast [7]. Furthermore, there are several
methods used to quantify breast volume, which result in widely varying breast
volume measurements [8-10], with no one method universally accepted as the
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gold standard [11]. Breast volume measurement methods can be divided into
three separate categories; computer-analysed indirect visualisation techniques
[12], anthropometric measurements, and water displacement techniques. The
computer-analysed

breast

volume

measurement

methods

include

mammograms [8 13], magnetic resonance imaging techniques [8 14],
biostereometric analysis [15], and three-dimensional digital photography and
scanning [6 11 14].

These methods involve either radiographic or light

projection onto the breast and use mathematical algorithms to calculate breast
volume [8 16]. Mammograms and three-dimensional scanning measurements
have been validated by direct measurement of mastectomy specimens with
high correlations [8 10 16]. Although the computer-based methods to determine
breast volume have been found to be reliable and valid [8 13 4], they are also
expensive, require specialised technical expertise, and can involve radiation
exposure [11].

Furthermore, the techniques are limited by difficulties in

delineating the outline of the breast [6 10 14] and the breast/chest wall interface
[10 11 15], and in measuring ptotic breasts, where the lower aspect of the
breast is in contact with the anterior chest wall [6 9-11 14].
Anthropometric breast volume measurement methods use mathematical
equations to calculate breast volume based on various measurements of the
torso and breasts.

Although anthropometric measurements are quick,

inexpensive and ideal for clinical and bra fitting settings [16 17 18], the complex
and varying morphology of the breast makes no one parameter or mathematical
equation standard for all breast sizes and shapes [7 8].
Water displacement breast volume measurement methods involve either
casting [19-21] or custom-designed calibrated devices [8 14 22-26]. Casting
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creates a negative three-dimensional form of the breast, which is filled with
water or sand to measure breast volume. Inaccuracies in breast volume arise
with this method, however, as the breast/chest wall interface is measured as a
flat surface, when it is actually circular. Calibrated devices [8 14 22-26] include
either adjustable geometric cones that are placed over the breast [22 25] or
other calibrated devices [23 24 26] that the breast is lowered into, in order to
measure the displaced water of a given breast. Breast volume is then equated
to the displaced volume of water. Although these water displacement methods
are relatively quick and easy to use, they have been reported to have limitations
in the breast size (volume) they can measure [8 16] and in being difficult for
subjects to use [8].
Despite breast volume data having previously been reported in the
literature, only two published studies [16 19] were found that examined the
relationship between breast volume and bra size.

Both studies compared

breast volume data to “subject reported” bra sizes, with neither confirming that
these “subject reported” bra sizes fitted correctly, despite the high incidence of
females reported to be wearing the wrong size bra [3 27].

Despite the

importance of breast volume to bra fit and design, no published study was found
that reported the relationship between breast volume, bra cup size
measurements and correctly-fitted bra sizes. Therefore, the aim of this study
was to investigate the relationships among breast volume and professionallyfitted bra sizes, as well as between breast volume and the quantitatively
determined bra cup size.

We hypothesised that breast volume would be

positively correlated to bra cup size, determined both qualitatively and
quantitatively.
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Methods
Participants
One hundred and four women representing a wide range of ages (mean
43.5 years, range 19-67 years) and body shapes (average height 165.2 cm,
range: 147-182 cm; average mass 71 kg, range: 46-123 kg) were recruited as
participants.

As hormone levels can influence connective tissue within the

breasts, participants were not currently breast feeding or pregnant and had no
history of breast surgery. Having had children was not an exclusion criterion,
whereby the participants reported having 0 to 5 children (mean = 1.5), with 35
participants having not had any children. All recruiting and testing procedures
were approved by the University of Wollongong Human Research Ethics
Committee (HE05/83) and all participants gave written informed consent to
participate in the study.
Breast Volume
Breast

volume

was

measured

using

a

custom-designed

water

displacement device, which could cater for the wide range of breast sizes and
breast shapes (pert, broad and ptotic breasts) displayed by the participants.
Water displacement has previously been found to be a cost effective, reliable
and valid method to measure breast volume [8 12 22 26]. The device consisted
of a 4 litre graduated beaker supported within a frame and connected via tubing
to a 2 litre graduated cylinder (Figure 1). Participants leant forward on the
frame, keeping their trunk horizontal in order to utilise gravity to hang the breast
away from the chest wall [15]. The participants then placed the infra-mammary
fold and sternum on the rim of the beaker, ensuring good contact [8] so that
each breast was individually placed into the beaker.
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displaced by each breast (capacity 2000 ml) was measured in the cylinder to
the nearest 25 ml. The device overcame previous limitations associated with
water displacement devices in terms of a restricted breast size capacity that
could be measured and subject difficulty in performing the measurement [8 16].
Each breast was measured three times by the same assessor [DEM] (ICC R =
0.968), ensuring that the position of the subject’s feet, torso, sternum and arms
were standardised, as pilot testing revealed that variations in participant
positioning affected breast volume measurement.
Bra Size
Professional bra fitting criteria [27 28] (Table 1) were used to determine
each participant’s correct bra size in the one style and make of bra (New
Legend sports bra, Berlei, Pacific Brands, Victoria, Australia). This over came
limitations of previous studies as it ensured that the nominated bra size fitted
each participant correctly [16 29] and eliminated any differences in bra size
attributed to the lack of bra size standardisation amongst different bra styles
and manufacturers [7].

Validity of the professional bra fitting criteria has

previously been established [28], with an intra-rater reliability of R = 0.92.
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Figure 1: The custom-designed water displacement device used to measure
breast volume.

Table 1: Professional bra fitting criteria [28, 38].
Band

 too tight: flesh bulging over top of band, subjective discomfort
“feels too tight”
 too loose: band lifts when arms are moved above head, posterior
band not level with inframammary fold

Cup

 too big: wrinkles in cup fabric
 too small: breast tissue bulging above, below or at the sides

Under wire
Straps

 incorrect shape: underwire sitting on breast tissue laterally (under
armpit) or anterior midline, subjective complaint of discomfort
 too tight: digging in, subjective complaint of discomfort, carrying
too much of the weight of the breasts
 too loose: sliding down off shoulder with no ability to adjust the
length

Front band
Rating of Bra Fit

 not all in contact with the sternum
 Pass: no errors or if hooks or straps can be adjusted to allow
correct fit
 Fail: any other ticks
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Bra Cup Measurement
Bra cup size was quantitatively assessed using two standard procedures,
the Chest Circumference (CC) method and the Breast Hemi-circumference (BH)
method. The CC bra cup size measurement (centimetres) was calculated as
the difference between the over-bust chest circumference (OBCC) and the
under-bust chest circumference (UBCC) [1]. The OBCC was the maximum
horizontal girth around the participant’s torso, measured while the participant
stood upright, arms by their sides, breathing normally and wearing the bra
described previously that had been professionally fitted. The tape measure was
then passed over each participant’s shoulder blades, under their armpits and
across their nipples [30]. The UBCC was subtracted from this measurement to
give the CC bra cup size measurement. The UBCC was measured as the
horizontal girth of the torso just below the breasts level with the inframammary
fold. It was measured during normal breathing [30], while the participants stood
braless, holding their own breasts up so they exposed the inframammary fold,
ensuring the tape measure was kept level across the participant’s back.
Typically, the CC method has an additional step of adding an arbitrary number
to the chest circumference measurements and this resultant value is used to
determine the bra size from a reference table of bra sizes. Unfortunately, both
the arbitrary number and the bra sizing reference tables of the CC method are
inconsistent amongst bra manufacturers, and these variations are reported to
cause variability in the determined bra sizes [5 7 12]. Consequently, the raw
chest circumference measurements were used in the present study rather than
the determined bra size.
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The BH method involved measuring each breast separately, across the
nipple from the medial to lateral inframammary fold, while the participants lay
supine, braless and with their upper limb abducted

[5 31].

The same

measurement was also taken in standing, braless with the arms elevated
(hands behind the neck to elevate the breasts) [3], as it is more feasible to use
in a bra fitting room environment. To allow ease of comparison to previous
research, the BH measurements were recorded in inches [5 31].

All

measurements were taken three times by the same assessor [DEM], using a
metal tape measure, which was held firmly but not tightly around the chest and
breasts, ensuring that it did not indent the breast tissue. Intra-class correlations
of R = 0.99 (OBCC), R = 0.99 (UBCC) and R = 0.99 (BH) were obtained for
within-day reliability assessments. Similar to the CC method, the BH method
refers the raw breast hemi-circumference measurement to reference table of
bra sizes [5] to determine bra size. Because this table has only a limited range
of American bra sizes (27), the raw breast hemi-circumference measurements
were used in the present study, rather than the determined bra size.
Statistics
Descriptive statistics were used to characterise the participants’ breast
volumes relative to their professionally-fitted bra sizes.

After confirming

normality of the data using D'Agostino and Pearson omnibus tests, Pearson
product correlations were then calculated to establish the relationship between
breast volume and the CC and BH bra cup size measurements. Paired t-tests
and a Bland Altmann test with Lin’s Concordance were also used to determine
whether the BH measurement taken when the participants were lying differed
significantly (p < 0.05) from the BH measurements taken when they were
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standing. All statistical analyses were conducted using Prism software (Prism
11.5 for Windows).

Results
Breast Volume and Bra Size
The mean breast volume for the left and right breast of the participants
was 642 ml (range 100-1825 ml) and 643 ml (range 125-1900 ml), respectively.
The average professionally-fitted bra band size was 12 (range size 10-24;
Australian sizing) and cup size was DD (range A-G). A range of breast volumes
were found to correlate to the same bra size (Table 2) and the volume of any
one cup size was not homogenous amongst different band sizes (Figure 2).

Volume Left Breast (ml)
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Band 16
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Cup Size

Figure 2: Mean left breast volume for each professionally fitted bra cup size
category, grouped according to bra band size.

Breast Volume and Anthropometric Measurements
The mean, standard deviation and 95% Confidence Intervals (CI) for the
OBCC, UBCC and BH measurements are illustrated in Table 3. No significant
difference was found in the BH measurement taken in lying or standing (mean
difference -0.2 inches, 95% CI -0.4 to 0.03 inches). The Bland Altmann test
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with Lin’s Concordance showed good clustering around zero (mean bias -0.16),
a small confidence interval (95% CI -2.1-1.8), which was clinically acceptable
and confirmed substantial strength of agreement (0.9197, 95% CI 0.894-0.943).
A positive significant correlation was found between breast volume and bra cup
size for both the BH method (R2 = 0.84, p < 0.001) and the CC method (R2 =
0.40, p < 0.001) for determining bra cup size.

However, the relationship

between BH measurement and left breast volume was stronger (Figure 3) than
the relationship between CC bra cup size measurement and left breast volume
(Figure 4), whereby only 40% of the variation in cup size calculated via the CC
measurement system could be explained by breast volume.

Table 2: Range of breast volumes and the associated professionally fitted bra
sizes for the participants (n = 104).
Breast volume
range (ml)

Bra sizes (Australian) a

Number of participants

150-249

8

10B/A

250-299

10

10B/C, 12B/C

300-349

5

10C, 12C/D, 14C

350-399

6

10D, 12D, 12D, 12B

400-499

19

10E, 12D/DD, 12D

500-599

18

10E, 12D/DD/E, 14C/D, 16C

600-699

7

10DD/E, 12D/DD/E, 14C

700-799

3

12F, 14DD, 16D/DD/E

800-999

10

12F, 14E/F, 16D

1000-1099

8

10G, 12F, 14E/F, 18D/E

1100-1499

6

12G, 16E, 18DD/F/G

1500-2000+

4

14H, 16G, 24DD/H

a

A table summarizing international bra sizing conversions can be found in McGhee and Steele
[4].
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Figure 3: Correlation (R2 = 0.84, p < 0.001) between left breast volume and left
Breast Hemi-circumference (BH) bra cup measurement. Solid line indicates the
best-fit line and dotted lines indicate 95% confidence band of the best-fit line.
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Figure 4: Correlation (R2 = 0.40, p < 0.001) between left breast volume and the
Chest Circumference (CC) bra cup size measurement. Solid line indicates the
best-fit line and dotted lines indicate 95% confidence band of the best-fit line.
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Table 3: Anthropometric bra cup size measurements of the participants (n =
104).
Measurement

Mean (SD)

95% CI interval

UBCC (cm)

83.3 (8.9)

81.5 - 85.0

OBCC (cm)

96.0 (10.2)

93.9 - 98.0

OBCC minus UBCC (cm)

13.0 (4.6)

12.0 - 13.9

BH lying (inches)

9.3 (2.2)

8.9 - 9.7

BH standing (inches)

9.4 (2.7)

8.9 - 9.7

a

UBCC = Under-bust Chest Circumference, OBCC = Over-bust Chest
Circumference; BH = Breast Hemi-circumference measurement

Discussion
Breast Volume and Bra Size
The range of breast volumes measured for the participants was
consistent with previous studies [11 15 16 19], as was the fact that a range of
breast volumes were found to correspond to the same cup size in different band
sizes [16]. That is, a 10D cup had a different volume to a 16D cup. This result
supports the previous notion that cup size is not homogeneous in different band
sizes and that band size and cup size are interdependent [19 32-35]. It also
suggests that females should not consider themselves to be an isolated cup
size, but rather a combination of a band and cup size, as their cup size will be
different in a different band size.
The wide range of breast volumes that corresponded to the same
correctly fitted bra size (band and cup combined) was consistent with previous
research [19] and can be attributed to between-participant variability in breast
shape [4 8 9 11], as well as breast volume measurement considerations, such
as the level of breast immersion [8 12] and accuracy of the breast volume
measuring device (within 25 ml). Three breast shapes were observed in this
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study; pert, broad and ptotic breasts, whereby variations in breast shape
affected breast volume measurement. The broad and smallest breasts did not
hang away from the chest wall as well as the ptotic breasts, making it difficult to
completely immerse them in the water displacement beaker. Consequently,
breast volumes for broad and small breasts tended to be under-estimated.
Variation in breast shape has previously been described [4 8 9 11] and
suggested to affect bra fit comfort [6]. The effect of breast shape on breast
volume measurement found in the present study suggests that breast shape
may be as important as breast volume in bra cup design [6 36]. Therefore, for
bra cup design purposes, a breast volume measurement method that
simultaneously measures breast shape, such as scanning technology, is
recommended.
This study is the first to present the magnitude of breast volumes that
correspond to a wide range of correctly fitted, standardised bra sizes. This
information is important for both bra consumers and manufacturers as it
highlights the range of breast volumes, and therefore breast masses (mass =
volume x density), that bras are required to provide. That is, the structure and
design of a bra supporting a size 14F breast (1500 ml) should be different to
that supporting a size 10B breast (< 250 ml).
Breast Volume and Anthropometric Measurements
The BH and CC measurements recorded in the present study were
consistent with previous research [5 19 31]. The stronger relationship between
the BH bra cup size measurement and breast volume compared to CC bra cup
measurement-breast volume relationship suggests that for the purpose of bra
fitting, directly measuring the breast hemi-circumference is a better estimate of
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bra cup size than chest circumference measurements. Measuring the breast
hemi-circumference in standing (hands behind neck to elevate the breasts)
rather than lying, could be adopted for the BH measurement in a change-room
environment as no significant difference was found when the BH measurement
was taken when participants stood compared to lying. As previous research
has found the UBCC measurement to be a good estimate of band size [4], it is
postulated that for bra fitting purposes, the BH measurement could be used to
estimate bra cup size and the UBCC used to estimate band size. However, this
notion warrants further investigation.

Conclusion
This study is the first to present the magnitude of breast volumes that
correspond to a wide range of correctly fitted, standardised bra sizes,
highlighting the importance of both breast volume and shape to bra fit and
design. As cup size is not homogeneous in different band sizes and band size
and cup size were found to be interdependent, it is recommended that females
should not consider themselves to be an isolated cup size, but rather a
combination of a band and cup size, as their cup size will be different in a
different band size.

The strong relationship between the breast hemi-

circumference measurement and breast volume suggests that for bra fitting
purposes, directly measuring the breast hemi-circumference is a better estimate
of bra cup size than chest circumference measurements.

57

Breast Volume and Bra Size

References
1. Kaye BL. Neurologic changes with excessively large breasts. Southern
Medical Journal 1972;65(2):177-180.
2. Lorentzen D, Lawson L. Selected sports bras: A biomechanical analysis
of

breast

motion

while

jogging.

Physician

and

Sportsmedicine

1987;15(5):128-139.
3. Greenbaum AR, Heslop T, Morris J, Dunn KW. An investigation of the
suitability of bra fit in women referred for reduction mammaplasty. British
Journal of Plastic Surgery 2003;56(3):230-236.
4. McGhee DE, Steele JR. How do respiratory state and measurement
method affect bra size calculations? British Journal of Sports Medicine
2006;40:970-974.
5. Pechter EA. A new method for determining bra size and predicting
postaugmentation

breast

size.

Plastic

&

Reconstructive

Surgery

1998;102(4):1259-1265.
6. Lee HY, Hong K, Kim EA. Measurement protocol of women's nude
breasts

using

a

3D

scanning

technique.

Applied

Ergonomics

2004;35(4):353-359.
7. Westreich M. Anthropomorphic breast measurement: protocol and results
in 50 women with aesthetically perfect breasts and clinical application.
Plastic and Reconstructive Surgery 1997;100(2):468-79.
8. Bulstrode N, Bellamy E, Shrotria S. Breast volume assessment:
comparing five different techniques. The Breast 2001;10:117- 123.

58

Breast Volume and Bra Size

9. Kovacs L, Eder M, Hollweck R, Zimmermann A, Settles M, Schneider A,
et al. New aspects of breast volume measurement using 3-dimensional
surface imaging. Annals of Plastic Surgery 2006;57(6):602-10.
10. Losken A, Seify H, Denson DD, Paredes AA, Jr., Carlson GW, Losken A,
et al. Validating three-dimensional imaging of the breast. Annals of Plastic
Surgery 2005;54(5):471-478.
11. Nahabedian MY, Galdino G. Symmetrical breast reconstruction: Is there a
role for three-dimensional digital photography? Plastic and Reconstructive
Surgery 2003;112:1582-1590.
12. Caruso MK, Guillot TS, Nguyen T, Greenway FL, Caruso MK, Guillot TS,
et al. The cost effectiveness of three different measures of breast volume.
Aesthetic Plast Surg 2006;30(1):16-20.
13. Kalbhen CL, McGill JJ, Fendley PM, Corrigan KW, Angelats J.
Mammographic determination of breast volume: Comparing different
methods. American Journal of Roentgenology 1999;173(6):1643-1649.
14. Kovacs L, Eder M, Hollweck R, Zimmermann A, Settles M, Schneider A,
et al. Comparison between breast volume measurement using 3D surface
imaging and classical techniques. The Breast 2007;16(2):137-145.
15. Loughry CW, Sheffer DB, Price TE. Breast volume measurement of 248
women using biosterometric analysis. Plastic Reconstructive Surgery
1987;80:553.
16. Sigurdson LJ, Kirkland SA. Breast volume determination in breast
hypertrophy:

an

accurate

method

using

two

anthropomorphic

measurements. Plastic and Reconstructive Surgery 2006;118(2):313-20.

59

Breast Volume and Bra Size

17. Zheng R, Yu W, Fan JT. Development of a new Chinese bra sizing
system based on breast anthropometric measurements. International
Journal of Industrial Ergonomics 2007;37(8):697-705.
18. Qiao Q, Zhou G, Ling Y. Breast volume measurement in young Chinese
women and clinical applications. Aesthetic Plast Surg 1997;21(5):362368.
19. Smith DJ, Jr., Palin WE, Jr., Katch VL, Bennett JE. Breast volume and
anthropomorphic

measurements:

normal

values.

Plastic

and

Reconstructive Surgery 1986;78(3):331-5.
20. Edsander-Nord A, Wickman M, Jurell G. Measurement of breast volume
with

thermoplastic

casts.

Scandinavian

Journal

of

Plastic

&

Reconstructive Surgery & Hand Surgery 1996;30(2):129-132.
21. Campaigne BN, Katch VL, Freedson P, Sady S, Katch FI. Measurement
of breast volume in females: Description of a reliable method. Annals of
Human Biology 1979;6(4):363-367.
22. Grossman AJ, Roudner LA. A simple means for accurate breast volume
determination. Plastic & Reconstructive Surgery 1980:851-852.
23. Bouman FG. Volumetric measurement of the breast before and during
mammaplasty. British Journal of Plastic Surgery 1970;23(3):263-264.
24. Kirianoff TG. Volume measures of unequal breasts. Plastic and
Reconstructive Surgery 1974;54:616.
25. Tegtmeier RE. A quick, accurate mammometer. Annals of Plastic Surgery
1978;1(6):625-262.

60

Breast Volume and Bra Size

26. Tezel E, Numanoglu A. Practical do-it-yourself device for accurate volume
measurement

of

breast.

Plastic

&

Reconstructive

Surgery

2000;105(3):1019-1023.
27. McGhee DE, Steele JR, Munro BJ. Female adolescent breast support
during physical activity: Can an educational intervention improve
behaviour? Journal of Science and Medicine in Sport 2008;11(6):13.
28. Choice Magazine. Shadow Shop: Bra fitting services. Fit for what? Choice
Magazine. Sydney, Australia, 2005:15-19.
29. Dundas KL, Atyeo J, Cox J. What is a large breast? Measuring and
categorizing

breast

size

for

tangential

breast

radiation

therapy.

Australasian Radiology 2007;51(6):589-93.
30. Australian

Standards.

ASTM

D7019-05

Standard

Performance

Specification for Brassiere, Slip, Lingerie and Underwear Fabrics Sydney,
Australia: SAI Global Ltd., 2005:15-15.
31. Pechter EA. An improved technique for determining bra size with
applicability to breast surgery. Plastic and Reconstructive Surgery
2008;121(5):348e-350e.
32. Wise RJ. A preliminary report on a method of planning the mammaplasty.
Plastic and Reconstructive Surgery 1956;17(5):367-375.
33. Ramselaar JM. Precision in breast reduction. Plastic and Reconstructive
Surgery 1988;82(4):631-641.
34. Kanhai RC, Hage JJ. Bra cup size depends on band size. Plastic and
Reconstructive Surgery 1999;104(1):300.

61

Breast Volume and Bra Size

35. Regnault P, Baker TJ, Gleason MC, Gordon HL, Grossman AR, Lewis
JR, et al. Clinical trial and evaluation of a proposed new inflatable
mammary prosthesis. Plastic and Reconstructive Surgery 1972;50:220226.
36. Lee HY, Hong K. Optimal brassiere wire based on 3D anthropometric
measurements

of

the

under

breast

2007;38:377-384.

62

curve.

Applied

Ergonomics

Breast Support Education

Chapter 5
Education improves bra knowledge and fit, and level of
breast support in adolescent female athletes: A clusterrandomised trial

This chapter is an amended version of the published manuscript:
McGhee, DE, Steele, JR and Munro, BJ. Education improves bra knowledge
and fit, and level of breast support in adolescent female athletes: A clusterrandomised trial. Journal of Physiotherapy. 2010, 56(1): 19-24.

Abstract
Questions: Can an education booklet handed out by a physiotherapist improve
the bra knowledge and fit, and level of breast support of bras worn by
adolescent female athletes?
Design: Cluster-randomised control trial with intention-to-treat analysis.
Assessor blinded to changes in bra knowledge.
Participants: 115 adolescent females from four regional sporting academies
aged 16yr (SD 1) and with an average Australian bra size of 12B.
Intervention: The experimental group received an education booklet on bra fit
and breast support from a sports physiotherapist. The control group received
no intervention.
Outcome Measures: The primary outcome was bra knowledge measured by a
questionnaire. Secondary outcomes were a pass on the Bra Fit Assessment
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and the Level of Breast Support tests, and breast discomfort during exercise
rated on a 10-cm visual analogue scale.
Results: Four months after receiving the educational intervention the
experimental group improved their bra knowledge 19% (95% CI 14 to 25) more
than the control group.

In addition, 39% (95% CI 19 to 54) more of the

experimental group passed the Bra Fit Assessment test and 30% (95% CI 11 to
47) more passed the Level of Breast Support test than the control group at 4
months.

There was no difference in the level of breast discomfort during

exercise.
Conclusion: Bra knowledge, bra fit and level of breast support of adolescent
female athletes were all poor but significantly improved after receiving an
education booklet about breast support designed specifically for them.
Trial Registration: http://www.ANZCTR.org.au/ACTRN12609000607279.aspx

Introduction
Sports bras have been designed to reduce excessive breast motion
during physical activity because the tissues supporting the breasts - skin
overlying the breasts and fine hair-like ligaments within the breasts called
Coopers’ ligaments - offer insufficient support [1-5]. Although sports bras have
been shown to successfully reduce vertical breast displacement and exerciseinduced breast discomfort during treadmill running compared to fashion bras or
no bra (bare-breasted) [1 4-7], the bras best at limiting vertical breast
displacement are also typically ranked the most uncomfortable to wear [7].
Furthermore, Bowles et al [8] reported that only 41% of 20-35 year old women
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surveyed wore a sports bras during exercise because they did not feel the need
to or had never even considered wearing a sports bra during physical activity
[8].
For a bra to be comfortable and provide adequate support, it must fit
properly [9]. However, it has been estimated that between 70-100% of women
are wearing the wrong size bra, with this fitting discrepancy greatest in females
with large breasts [10-12]. Ill-fitting bras not only fail to provide adequate breast
support,

they

can

also

contribute

to

poor

posture

and

secondary

musculoskeletal dysfunctions in the upper body, including upper limb neural
symptoms; deep bra furrows caused by excessive strap pressure; neck and
back pain [11 13-15]. These problems can be severe enough to inhibit females
from participating in physical activity [4-6] and can cause females with large
breasts to seek a reduction mammoplasty [11 13 14 16 17].
Correctly-fitted, supportive bras have been found to alleviate up to 85%
of these symptoms, allowing females to exercise in greater comfort and
potentially removing the need for breast reduction mammoplasty [11 16 17].
Consequently,

assessing

breast

support

should

be

routine

when

physiotherapists are managing musculoskeletal impairments in females
secondary to poor posture.

Furthermore, coverage by physiotherapists for

female sporting teams and athletes provides an ideal opportunity to educate
young females on correct bra fit and level of breast support so that they can
participate in sport and recreational pursuits without embarrassment or breast
discomfort. As breast support can be a sensitive issue, especially to adolescent
females, their clinical background, together with the understanding of anatomy
and the musculoskeletal system makes physiotherapists the ideal instigators of
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such education to their female patients and sporting teams. Despite this need
for breast support education, no previous research has investigated educating
adolescent females about the components of a well-fitted and supportive bra
appropriate to their physical activity pursuits. Therefore, the research question
for this study was: Can an education booklet handed out by a physiotherapist
improve the bra knowledge and fit, and level of breast support of bras worn by
adolescent female athletes?

Methods
Design
A prospective, parallel-group, cluster-randomized trial was conducted at
sporting academies located in regional areas of New South Wales (NSW),
Australia. These academies were randomly allocated to either the experimental
or control group using a computer-generated table of random numbers. The
experimental group received an education booklet and the control group
received no intervention. Outcomes such bra knowledge were measured at
baseline after randomisation, one month and 4 months, while bra fit and level of
support tests and discomfort were measured at baseline and 4 months. All
outcomes were measured by the same person (DEM), an accredited sports
physiotherapist, trained in professional bra fitting who was not blinded to group
allocation. Breast discomfort, bra fit and level of breast support tests were
conducted during training or competition to ensure the bras measured were
representative of those worn during sport.

As with most trials of physical

intervention, neither the physiotherapist delivering the intervention nor the
participants were blinded to group allocation. However, to minimise bias, an
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independent assistant recoded the questionnaires of bra knowledge prior to
marking so that the measurer (DEM) was blind to group allocation.
Participants and centres
Regional sporting academies were included in the study if they currently
provided sports science support, specialist coaching services and resources to
assist adolescent athletes in the pursuit of netball and hockey, since these
sports involved running and jumping necessitating adequate breast support.
There were no exclusion criteria.
Physically active adolescent females were included in the study if they
were currently involved in either hockey or netball and were in the age group
14-18 years.

They were excluded if they were currently breast feeding or

pregnant (since hormone levels can influence connective tissue within the
breasts), had a history of breast surgery, or any cyclical mastalgia (as opposed
to exercise-induced breast discomfort).
Intervention
The experimental group received an education booklet, “Sports Bra
Fitness” (Appendix A), which was designed to educate female athletes on the
components of a well-fitted, well-designed and supportive bra appropriate to
their athletic pursuits. The booklet was intended primarily to guide the reader in
selecting and fitting the next bra they purchased. Information within the booklet
was written in a simple, easy-to-read format, with the text, graphics and pictures
designed to appeal to the target group, following recommendations for
producing community-based education effective in promoting behavioural
change [19-21]. It contained targeted key messages and photos of high-profile
academy athletes and coaches to act as role models [19 22].
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optimal readability and educational soundness of the booklet for the target
audience, readability tools were used in its development (Flesch-Kincaid
Instrument, Microsoft Office Word 2000), as well as focus groups [19-21]
involving adolescents and their mothers from the target demographic profile.
The adolescents were encouraged to read the booklet by harnessing
commitment to the study [20 22]. This was achieved by incorporating testing
into their training and competition, where reminders were given to read the
booklet [19].
The control group received no intervention.

For both groups, a

relationship was formed with the measurer, a sports physiotherapist, which
assisted to remove the possible barrier of embarrassment [22-25] when
discussing the potentially sensitive issue of breast support and bra fit.
Outcome Measures
Bra knowledge – the primary outcome – was measured using a customdesigned 50-item self-administered questionnaire (Appendix B). Details of the
questions which covered bra design, bras component parts, bra sizing, as well
as correct and incorrect bra fit and bra wearing habits can be found on the
Journal

of

Physiotherapy

website

(see

eAppeneda

for

Appendix

1).

Responses included multiple choice options, true/false and short answer
questions: an “I do not know” response was offered for every question. Face
validity was verified through focus groups.
Bra fit was measured using the Bra Fit Assessment test [18] as a
pass/fail. To be ranked a pass, the front band had to be in contact with the
sternum; the posterior and side band had to have no flesh bulging above its
superior edge (too small) and was not to move upward if the arms were raised
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above the head three times (too big); the cup had to have no aspect of the
breast bulging above its superior or medial edge (too small) or no wrinkles in
the cup material (too big); the straps were not to be digging into (too small) or
slipping off (too big) the shoulders; and the cup underwire had to be resting on
the ribs and sternum, not on any breast tissue (Appendix C). If one or more of
these six components were ranked a “fail” grade in fit, and the straps or the
band could not be adjusted by the assessor to achieve correct fit, an overall
“fail” grade was awarded in the Bra Fit Assessment test.
Level of breast support was measured using the Level of Breast Support
test as pass/fail. To be ranked a pass for design, the bra had to be a sports bra
or any two bra combination for any bra size or a crop top only for cup sizes A or
B. Lifespan was ranked a fail (too old), if the material/elastic or underwire of
any bra, of any design, had deteriorated. Both bra design and lifespan had to
pass for an overall ranking of a pass in the Level of Breast Support test.
Discomfort during exercise was measured using a 10-cm visual analogue
scale where participants were asked to rate their breast discomfort when
wearing this bra during sport.
Data Analysis
Bra knowledge was calculated as the mean (SD) percentage of correct
answers, while lack of bra knowledge was calculated as the mean (SD)
percentage of “I do not know” answers. Number of participants passing the Bra
Fit Assessment and Level of Breast Support tests was reported. Analysis was
intention-to-treat, whereby all participants were analysed in the groups that they
were randomised to and all available data were included in the analysis.
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Statistical significance was set at p < 0.05, so the mean difference (95% CI) or
risk difference (95% CI) between groups was presented.

Results
Flow of Participants Through the Trial
Four sporting academies agreed to participate.

Three academies

declined due to time constraints of their teams and coaches. Two academies
with 54 participants were randomised to the experimental group, while two
academies with 61 participants were randomised to the control group.
One hundred and fifteen adolescent females participated. The primary
outcome – bra knowledge – was measured on 108 (94%) participants (51
experimental, 57 control). However while bra knowledge could be collected
later on participants who missed training or competition sessions, bra tests
could not. Therefore, bra fit and level of breast support was measured on 96
(83%) participants (46 experimental, 50 control) (Figure 1).

The baseline

characteristics of the participants are presented in Table 1. The average bra
size of the participants was Australian size 12B (band size ranged = 10 - 14;
cup size ranged = A - DD cup).
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Table 1: Baseline characteristics of participants and academies.

Characteristic

Participants
Randomised
(n = 115)

Lost to follow-up
(n = 19)

Exp
(n = 54)

Con
(n = 61)

Exp
(n = 8)

Con
(n = 11)

15.6 (1.0)

15.5 (1.0)

15.5 (0.9)

15.9 (0.6)

Netball

28 (52)

30 (49)

3 (38)

5 (46)

Hockey

26 (48)

31 (51)

6 (62)

6 (54)

Sports

9 (17)

12 (20)

2 (25)

1 (9)

Crop top

17 (32)

18 (30)

3 (38)

4 (36)

Fashion

16 (30)

12 (20)

2 (25)

2 (18)

Fashion + crop top

9 (17)

18 (30)

1 (12)

4 (36)

Sports + crop top

2 (4)

0 (0)

0 (0)

0 (0)

Skins

0 (0)

1 (2)

0 (0)

0 (0)

Fashion + sports

0 (0)

0 (0)

0 (0)

0 (0)

Bra band size mean (SD)

12 (1.3)

12 (1.4)

12 (1.9)

12 (1.6)

Bra cup size mean (SD)

B (1 cup
size)
6/53 (11)
9/53 (17)

B (1 cup
size)
10 (16)
16 (26)

B (1 cup
size)
0 (0)
0 (0)

B (1 cup
size)
0 (0)
1 (9)

Participants
Age (yr), mean (SD)
Sport played, n (%)

Bra worn, n (%)

Passed bra fit test, n (%)
Passed level of breast support test,
n (%)
Centres
Academy hockey and netball
participants, n (%)
1: Illawarra Academy of Sport

31 (57)

2 (25)

2: Northern Inland Academy of
Sport

23 (43)

6 (65)

3: North Coast Academy of Sport

31 (51)

6 (55)

4: South West Sydney Academy of
Sport
Exp = experimental group, Con = control group.

30 (49)

5 (45)
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Adolescent female netball and hockey players from four academies of sport invited to participate
and parental consent requested (n =144)

Excluded (n = 0)
Declined (n = 29)

0-month

4 centres randomised
Measured bra knowledge, bra fit and level of breast support and discomfort during
exercise (n = 115)
Experimental Group (n = 54)
Control Group (n = 61)

Lost to 1-month
follow-up
• Did not attend
session where
testing was
performed (n = 5)

Experimental
Group
• Educational
intervention

•

Control Group
No intervention

Measured bra knowledge

1-month
(n = 49)

Lost to 4-month
follow-up
• Did not attend
training session
where testing was
performed and not
able to contact

(n = 59)

Experimental
Group

Control Group

Lost to 4-month
follow-up
Did not attend training
session where testing
was performed and
not able to be contact
- knowledge (n = 4)
- bra fit tests (n = 11)

- knowledge (n = 3)
- bra fit tests (n = 8)

4-months

Lost to 1-month followup
• Did not attend
session where
testing was
performed (n = 2)

Measured bra knowledge
(n = 51)
(n = 57)
Measured bra fit and level of breast support and discomfort during exercise
(n = 46)
(n = 50)

Figure 1. Design and flow of participants through the trial.
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Table 2: Mean (SD) knowledge and breast discomfort of the experimental and control group, mean (SD) difference within
groups, and mean (95% CI) difference between groups.
Outcome

Groups
Month 0
Exp
Con
(n = 54) (n = 61)

Difference within groups

Month 1

Month 4

Exp
Con
(n = 49) (n = 59)

Exp
Con
(n = 48) (n = 58)

Month 1 minus
Month 0

Difference between groups

Month 4 minus
Month 0

Month 1 minus
Month 0

Month 4 minus
Month 0

Exp

Con

Exp

Con

Exp minus Con

Exp minus Con

Bra knowledge
(0 to 100)

41
(10)

40
(10)

56
(13)

43
(11)

65
(17)

44
(12)

14
(15)

3
(10)

24
(16)

4
(12)

11
(7 to 15)

19
(14 to 25)

Bra lack of
knowledge
(0 to 100)

15
(8)

14
(8)

6
(5)

12
(8)

4
(5)

12
(9)

-8
(8)

-2
(8)

-11
(7)

-1
(8)

-7
(-10 to -4)

-10
(-12 to -7)

n/a

2.4
(1.7)
n = 46

2.5
(2.2)
n = 50

n/a

n/a

0.0
(1.5)

-0.2
(2.5)

n/a

0.2
(-0.6-1.0)

Discomfort
(0 to 10 VAS)

73

2.4
2.4
n/a
(1.9)
(2.0)
n = 53
Exp = experimental group, Con = control group
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Table 3: Number of participants (%) of the experimental and control group and odds ratios (95 % CI) between groups that
passed the bra fit and level of breast support tests at 0 and 4 months.
Outcome

Groups
Month 0

Passed Bra Fit
Assessment test

Risk difference between
groups
Month 4

Month 4

Exp
(n = 53)

Con
(n = 61)

Exp
(n = 45)

Con
(n = 50)

Exp relative to
Con

6
(11)

10
(16)

26
(56)

9
(18)

*- 0.39
(-0.54 to -0.19)

Passed Level of
9
16
24
11
Support test
(17)
(26)
(52)
(22)
Exp = experimental group, Con = control group, VAS = visual analogue scale; * indicates a significant difference

*-0.30
(-0.47 to -0.11)
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Compliance with Trial
One hundred percent of the experimental group reported reading the
booklet before the 1-month follow-up. There were no reported adverse effects.
Effect of intervention
Group data for all the outcomes are presented in Tables 2 and 3 while
individual data are presented in Table 4 (see Journal of Physiotherapy website
eAppenda for Table 4). At baseline, 98 (85%) participants failed to achieve
50% for bra knowledge.

After reading the booklet, the experimental group

scored 11% (95% CI 7 to 15) higher at one month and 19% (95% CI 14 to 25)
higher at 4 months than the control group (Table 2). At baseline, there was little
bra discomfort in either group and little change over time, despite the
improvements in bra fit and level of breast support. There was little difference
between the groups at 4 months (mean difference 0.2 out of 10, 95% CI -0.6 to
1.0) (Table 2).
After reading the booklet, 39% (95% CI 19 to 54) more of the
experimental group passed the Bra Fit test than the control group.

Similarly,

30% (95% CI 11 to 47) more passed the Level of Breast Support test than the
control group.

Discussion
The high percentage of participants in the present study who failed the
bra knowledge questionnaire confirms there is a need to provide adolescent
females with education about correct breast support and bra fit. The significant
improvement in bra knowledge post-intervention reveals that an intervention as
simple as a booklet provided by a physiotherapist, with strategies to encourage
reading of the given material can be effective in improving the knowledge of
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adolescent females about this important topic. The high level of compliance in
participation of the study and in reading the material was attributed to the
behavioural change strategies incorporated into the intervention.

Therefore,

such a booklet could be used by physiotherapists to educate adolescent
females about effective breast support and bra fit.
The low percentage of participants who passed the Bra Fit Assessment
and Level of Breast Support tests at baseline suggests that adolescent females,
like their adult counterparts [10-12], have a poor ability to choose and fit
themselves correctly in a bra appropriate to their breast size and level of
physical activity. Only 13% of the adolescent participants physically assessed
during training or competition were wearing a sports bra, in contrast to 41% [8]
reported in adult females. Despite this poor level of bra fit and breast support in
these adolescent athletes, only low levels of exercise-induced breast discomfort
were reported.

Furthermore, this did not significantly improve, despite

improvements in the Bra Fit and Level of Breast Support tests in the
experimental group, which indicate an improvement in the type of bras worn in
terms of breast support and bra fit. The relatively small average breast size of
the participants (12B) and their age may assist in explaining this finding, as
exercise-induced breast discomfort is more problematic in females with large
breasts [6]. In addition, changes in the mechanical properties of the tissues
supporting the breasts or the habitual lack of adequate breast support over time
in adult females may decrease their anatomical level of breast support, although
this notion requires further investigation. The improvement in level of support
post-intervention in the experimental group shows that the improvement in
knowledge was accompanied by an improvement in choice of bra (in terms of
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design and lifespan) relative to the level of physical activity and breast size. For
this age group, the improved breast support may be more effective in
decreasing the embarrassment of physical appearance, a known barrier to
physical activity in adolescence [23 24 26 27], by reducing breast bounce during
exercise rather than exercise-induced breast discomfort.
Of interest, 25% of participants reported knowing that their bra did not fit,
yet they still wore this bra during vigorous exercise. This result suggests that
adolescent females do not perceive wearing an ill-fitting bra as problematic.
Comments at the time of the survey included “this is the bra I wore to school
and I came to training straight after school” and “I wear my good bras for
competition, not training”. Although poorly fitted bras in this young cohort were
not associated with high levels of breast or bra discomfort, in order to prevent
the development of future musculoskeletal disorders from insufficient breast
support [13-17] and to promote physical activity [4-6] education on bra fit is
warranted. Since 75% of the participants reported never having been fitted for
a bra professionally, bra education enabling them to fit themselves
independently is particularly important. Physiotherapists are in an ideal position
to provide education to adolescent females on the importance of wearing a welldesigned, supportive and comfortable bra when participating in physical activity.
They can prevent the development of poor bra wearing habits, which may
impact negatively upon their health and lifestyle in later years.
An improvement in bra knowledge was sufficient to improve the ability to
fit a correct bra independently with appropriate support for the level of physical
activity and breast size. This improvement in bra fit may also be the result of
removing the perceived barrier of embarrassment associated with the topic of
77

Breast Support Education

breasts and bras. For many experimental participants, the booklet and its guide
to bra purchasing became a mother/daughter project, opening the topic up for
discussion by easing associated embarrassment and self-consciousness. The
improvement in bra fit and breast support suggests that a booklet such as this,
designed to appeal to the target audience, could be used by physiotherapists to
educate and improve the breast support knowledge and behaviour of their
adolescent female patients. Incorporating bra fit and breast support education
as part of the physiotherapy treatment of musculoskeletal disorders associated
with poor posture or as part of sports coverage of female sporting teams and
athletes, could improve outcomes and promote physical activity with its
associated health benefits. However, further research investigating the effect of
bra education on long-term reduction of musculoskeletal complaints is
recommended.
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Chapter 6
Does deep water running reduce exercise-induced breast
discomfort?

This chapter is an amended version of the published manuscript:
McGhee, DE, Power, BM and Steele, JR. Does deep water running reduce
exercise-induced breast discomfort? British Journal of Sports Medicine,
2007;41;879-883.

Abstract
Objective: To establish whether exercise-induced vertical breast displacement
and discomfort in females with large breasts were reduced during deep water
running compared to treadmill running.
Participants:

Sixteen females (mean age = 32 years, range 19-43 years;

mean mass = 74.1 kg, range 61-114 kg; mean height = 1.7 m, range 1.61-1.74
m), who were professionally sized to wear a C+ bra cup, were recruited as
representative of females with large breasts.
Methods: After extensive familiarisation, vertical breast motion of the
participants was quantified as they ran at a self-selected stride rate on a
treadmill and in 2.4 m deep water. Immediately after running, the subjects rated
their breast discomfort and breast pain (Visual Analogue Scale) and their
perceived exertion (Borg scale).
Main Outcome Measurements: Breast discomfort, breast pain, perceived
exertion, vertical breast displacement and vertical breast velocity were
compared between the two experimental conditions.
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Results: Exercise-induced breast discomfort was significantly less and
perceived exertion was significantly greater during deep water running relative
to treadmill running.

Although there was no significant between-condition

difference in vertical breast displacement, mean peak vertical breast velocity
was significantly (p < 0.05) less during deep water (upward: 29.7 ± 14 cm.s-1;
downward: 31.1 ± 17 cm.s-1) compared to treadmill running (upward: 81.4 ±
21.7 cm.s-1; downward: 100.0 ± 25 cm.s-1).
Conclusion:

Deep water running was perceived as a more strenuous but

comfortable exercise mode for females with large breasts. Increased comfort
was attributed to reduced vertical breast velocity rather than reduced vertical
breast displacement.

Introduction
Exercise prescription is fundamental to the practice of sports medicine,
not only in the treatment of musculoskeletal disorders, but also in health
promotion. The positive health benefits associated with physical exercise are
well-documented and sports medicine practitioners play a critical role in
prescribing physical activity to patients.

One target group of patients who

frequently seek treatment and require specialised exercise prescription are
females with large breasts. These females can be inhibited from participating in
activities such as running and jumping due to exercise-induced breast
discomfort [0-10]. Previous biomechanical studies of breast motion have related
this exercise-induced breast discomfort to excessive breast movement [2 4-7 9
10-12], particularly vertical movement, whereby as little as 2 cm of vertical
breast displacement has been sufficient to induce discomfort in females [4 12].
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Deep water running has become an increasingly well-recognised form of
cardiovascular exercise. It is most commonly used by post-operative patients
and athletes recovering from injury and can even be suitable for patients who
are not able to swim. It provides an alternative form of aerobic exercise to landbased running in situations where loading of the musculoskeletal system may
be problematic [13-15], such as bone and joint injuries and obesity. Benefits of
deep water running include aerobic, anaerobic and muscle strength training, at
higher physiological responses than treadmill running [13 16-18]. The buoyant
forces characteristic of deep water running offer both supportive and assistive
forces to the body. We postulated that these buoyant forces might also help to
counteract the gravitational forces that accelerate the breasts downward during
land-based running and, in turn, may decrease exercise-induced breast
discomfort. However, an extensive literature review found no previous studies
had systematically investigated the associations among deep water running,
breast movement and exercise-induced discomfort.

Therefore, to establish

whether deep water running could provide an alternative, comfortable form of
exercise for females with large breasts, this study aimed to establish whether
deep water running reduced exercise-induced breast motion and discomfort in
females with large breasts relative to treadmill running. We hypothesised that
vertical breast displacement and, in turn, breast discomfort would be reduced
when females with large breasts ran in deep water compared to running on a
treadmill.
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Methods
Subjects
Sixteen females (mean age = 32 years, range 19-43 years; mean mass =
74.1 kg, range 61-114 kg; mean height = 1.7 m, range 1.61-1.74 m), who were
professionally sized to wear a C+ bra cup, were recruited as representative of
females with large breasts. The average brassiere band size of the subjects
was size 14 (range size 10-18; Australian sizing) and their median cup size was
a D cup (range C-J).

A table summarizing international brassiere sizing

conversions can be found in McGhee & Steele [19]. As hormone levels can
influence connective tissue within the breasts, only subjects who were
premenopausal and not currently breast feeding or pregnant were recruited.
Furthermore, participants with a history of previous breast surgery or any
musculoskeletal disorder or pain that would inhibit them from running were
excluded. All recruiting and testing procedures were approved by the University
of Wollongong Human Research Ethics Committee (HE03/294) and all subjects
gave written informed consent to participate in the study.
Experimental Procedures
The subjects were required to run under two experimental conditions: on
a treadmill (PowerJog GX-100; Expert Fitness UK, Mid Glamorgan, UK) and in
2.4 m deep water. Although it is acknowledged that deep water running does
not replicate the exact biomechanical or physiological characteristics of landbased or treadmill running [13 15 20], it was selected as it was postulated to
provide a comfortable form of exercise for women with large breasts that did not
necessitate the ability to swim and involved gross body movements that were
similar to land-based running.
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To establish a constant running cadence during the two experimental
conditions, each subject first self-selected a treadmill running velocity, which
they deemed replicated the velocity they would choose when running for fitness
on land. Once established, the stride rate of each subject was timed using a
metronome. The pace of each subject’s stride rate during both the treadmill
and deep water running trials was then standardised using the metronome to
ensure the subjects ran at the same stride rate in each experimental condition,
as stride rate is known to influence breast motion [9]. After sufficient practice to
set the stride rate and a familiarization session of running in the two
environments, each subject completed three trials per experimental condition,
running for 1 minute each trial after reaching a steady state stride rate.
Extensive pilot testing confirmed that running for 1 minute per trial in deep water
was the maximum duration most subjects could maintain a consistent running
technique. Immediately after running, the subjects were asked to rate their
breast discomfort and breast pain using a Visual Analogue Scale (rated 0-10),
as well as their perceived exertion using the Borg scale (rated 6-20) [21].
Breast Kinematics
During the treadmill and deep water running trials each subject’s breast
motion was filmed (25 Hz) using a tripod-mounted, leveled video camera.
During the treadmill running trials a Digital Camcorder MV600i digital video
camera (Canon Australia Pty Ltd, NSW, Australia) was located 2.5 m directly in
front of the subject whereas in the deep water trials a Poolcam video camera
(Signal Processing Associates, Victoria, Australia) placed in waterproof
housing, was located 2.5 m from the subject. Scaling references were placed in
the same plane as the subject in both conditions (on the treadmill and weighted
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down in the water next to the subject) to enable later conversion of the video
images to real-life measurements.

Markers were drawn as black crosses

directly on the exposed skin of the sternum, level with the articulation of the
third rib, to track vertical torso displacement. Breast movement was tracked by
markers drawn as black crosses directly on the exposed skin of the superior
aspect of the breast immediately above the nipple, level with the fourth to fifth
rib, and by rigid raised markers (3 mm in diameter) adhered to the subject’s
nipples (on the skin under their singlet) to make the nipples more prominent.
Previous studies have stated that nipple displacement relative to torso
displacement is most representative of vertical breast displacement and that a
marker on the superior aspect of the breast moves less than a nipple marker [7
22].

The superior breast marker was eventually used to digitise breast

movement in both experimental conditions rather than the nipple marker
because the nipple marker often became difficult to see during the water
running trials due to bubbles created by breast motion.

Therefore, it is

acknowledged that breast displacement may be under estimated in the present
study.
The subjects wore the same clothing during each experimental condition:
tightly fitted cycling shorts, a fine Lycra® singlet with a thin crop top insert
(Bonds, Pacific Brands Limited, Victoria, Australia) and an aqua jogging belt (a
standard piece of equipment used in deep water running to assist floatation).
The singlet with a crop top was chosen because it provided support similar to
that of a swimming costume likely to be worn during deep water running but
enabled a relatively clear view of the breast markers in both environments while
maintaining subject modesty. The subjects wore their own athletic footwear
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when running on the treadmill and no shoes when running in the water. Testing
was scheduled around each subject’s menses to eliminate any possible breast
pain effects due to cyclic mastalgia.
Data Analysis
The video images of the three running trials per experimental condition
for each subject were captured to a personal computer using Pinnacle Studio
Deluxe Version 8.3.17 software (Pinnacle Systems, Mountain View, California,
USA). The right and left breast landmarks and the sternal landmark were then
manually digitised for at least 15 breast cycles per trial using Hu-m-anTM
Version 3 software (HMA Technology Inc, Ontario, Canada).

The marker

images were magnified four-fold to improve digitizing accuracy. Vertical breast
displacement relative to trunk (sternum) movement (cm) and vertical breast
velocity (cm.s-1) were calculated for each subject’s right and left breast using
custom software (Labview 6, National Instruments Corporation, Texas, USA).
The vertical breast displacement, peak vertical breast velocity, ratings of
perceived exertion, breast pain and discomfort data were analysed using a
series of paired t-tests to determine whether these variables differed
significantly (p < 0.05) when the subjects ran in the two experimental
conditions.

Although it is acknowledged that the risk of a Type 1 error is

increased when multiple t-tests are conducted, the alpha level was not adjusted
as the cost of the error was deemed low and the study was considered
exploratory. A repeated measures ANOVA design with two factors (condition:
treadmill and deep water; peak vertical breast velocity: upward and downward)
was also used to determine the effects of running environment on the
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components of breast velocity. All statistical analyses were computed using
SPSS for Windows software Version 11.5.0 ( SPSS Inc, Illinois, USA).

Results
Breast Pain, Discomfort and Ratings of Perceived Exertion
Mean ratings of exercise-induced breast pain, breast discomfort and
perceived exertion for the two experimental conditions are displayed in Figure 1
and 2. When running in deep water, the subjects reported significantly less
exercise-induced breast pain (0 ± 0.00) and discomfort (0.1 ± 0.25) compared to
when running on the treadmill (0.78 ± 1.3, t = 2.3, p < 0.03 and 2.5 ± 1.75, t =
5.5, p < 0.01, respectively). In fact, all of the subjects rated breast pain during
deep water running as zero on the Visual Analogue Scale.

The subjects

displayed a significant increase in perceived exertion when running in deep
water (13 ± 2.0, t = -6.70, p < 0.01) compared to treadmill running (10.2 ± 1.6, t
= -6.7, p < 0.01).
Vertical Breast Motion
Irrespective of experimental condition, both the right and left breasts of
the subjects moved in a sinusoidal pattern during running, although the
sinusoidal pattern was generally more “erratic” during deep water running.
During treadmill running the pattern was consistent and regular (see Figure 3).
There was no significant difference in vertical breast displacement between the
left and right breasts of the subjects in either environment (treadmill: right: 3.2 ±
1.3 cm, left: 3.5 ± 1.4 cm, t = -1.64, p = 0.14; deep water: right: 2.7 ± 1.1 cm,
left: 2.5 ± 1.0 cm, t = -1.13, p = 0.28), so movement of the right breast only was
used

to

compare

between-condition

differences

in

vertical

breast

displacements. Although extensive efforts were made to ensure the subjects
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ran at the same stride rate during the two experimental conditions, retrospective
video analysis indicated that the stride rate was, on average, significantly
greater during deep water running (67.0 ± 3.7 strides per minute, t = -2.60, p <
0.02) relative to treadmill running (62.7 ± 8.0 strides per minute).

It is

acknowledged that self-selected stride rates in the present study were relatively
low compared to stride rates typically reported in the literature (e.g. 85 strides
per min for elite male runners) [23]. However, it is speculated that this was a
strategy adopted by these females to minimise exercise-induced breast
discomfort when running on the treadmill.
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Figure 1: Mean (SD) Visual Analogue Scores (VAS; scale 0-10) of exerciseinduced breast pain and discomfort rated by the participants (n = 16)
immediately after running on the treadmill (TM) and in the deep water (DW).
* indicates a significant (p < 0.05) difference between the two conditions.
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Figure 2: Mean (SD) ratings of perceived exertion (RPE; scale 6-20) reported
by the participants (n = 16) immediately after running on the treadmill and in the
deep water. * indicates a significant (p < 0.05) difference between the two
conditions.

Mean vertical breast displacement and peak vertical breast velocity of
the right breast during the two experimental conditions are displayed in Figure 4
and Figure 5, respectively. In contrast to the original hypothesis, there was no
significant difference in the mean vertical breast displacement during deep
water running (2.8 ± 1.1 cm) compared to treadmill running (3.3 ± 1.1 cm, t =
0.75, p = 0.47; see Figure 4). However, when running in deep water there was
a significant reduction in the mean upward (29.7 ± 14 cm.s-1, p < 0.01) and
downward (31.1 ± 17 cm.s-1, p < 0.01) peak vertical breast velocities compared
to treadmill running (upward: 81.4 ± 21.7 cm.s-1, p < 0.01; downward: 100.0 ±
25 cm.s-1, p < 0.01; see Figure 5). The reduction in mean peak vertical breast
velocity during deep water running was most evident in the downward direction
and could not be related to a lower stride rate during the water running, as the
stride rate during the water running was found to be greater than during the
treadmill running.
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Figure 3: Sinusoidal pattern of vertical breast displacement (cm) of the right
breast displayed by a representative participant during treadmill running (black
line) and deep water running (grey line). The pattern of breast motion was less
consistent when running in deep water relative to running on the treadmill.
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Figure 4: Mean (SD) vertical breast displacement (cm) displayed by the
participants (n = 16) when running on the treadmill and in deep water. There
was no significant difference between the two conditions (p = 0.83).
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Figure 5: Mean (SD) peak downward breast velocity (cm.s-1) displayed by the
participants (n = 16) when running on the treadmill and in deep water.
* indicates a significant (p < 0.05) difference between the two conditions.

Discussion
Breast Pain, Discomfort and Ratings of Perceived Exertion
Previous research has established that ratings of exercise-induced
breast pain and discomfort are lower when females wear highly supportive
brassieres compared to wearing low support brassieres [4 5 6 9 22].

No

previous investigations have measured breast discomfort experienced by
females during aquatic exercise. In the present study all subjects reported that
both exercise-induced breast discomfort and breast pain were lower when they
ran in deep water compared to running on a treadmill. The slow stride rate
adopted by the subjects during treadmill running (62.7 strides per minute) is
speculated to be a strategy used by the subjects to minimise breast discomfort.
As originally postulated, the buoyant forces associated with running in an
aquatic environment appeared to significantly reduce exercise-induced breast
pain and discomfort, while providing additional resistance to significantly
increase the ratings of perceived exertion. Therefore, deep water running was
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perceived by these females with large breasts to provide a more strenuous, but
more comfortable form of exercise relative to running on a treadmill.
Vertical Breast Motion
The pattern of breast motion and the mean and range of vertical breast
displacement during the treadmill running was consistent with previous studies
[2 4-6 7 9]. The breast motion pattern was sinusoidal during both the treadmill
and deep water running, however it was more “erratic” during the deep water
running. This was attributed to the fact that water running was a novel activity
for every subject and, despite extensive familiarisation, the subjects displayed
poorer movement quality and a less consistent synchronization of the limbs,
trunk and breasts during deep water running compared to the treadmill running.
We originally hypothesised that any decrease in exercise-induced breast
discomfort associated with deep water running would be due to a reduction in
vertical breast displacement, as previous research of treadmill running has
associated reductions in breast pain and discomfort with reduced vertical breast
displacement achieved with highly supportive brassieres [2 4-9 11 24].
However, in contrast to this hypothesis, there was no significant betweencondition difference in vertical breast displacement.

Instead, a significant

between-condition difference in peak vertical breast velocity was identified.
Vertical Breast Velocity
Within the limited published literature pertaining to breast motion, most
previous research has examined vertical breast displacement rather than
velocity during treadmill running [2 4-7 9 10]. In fact, only two of the eleven
biomechanical studies of breast movement located in the literature have
documented breast velocity during treadmill running [4 9]. The absolute breast
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velocities during treadmill running in the present study were consistent with
those reported by Shivitz [9] of 50-100 cm.s-1 for 17 females with large breasts
(C and D cup size) running on a treadmill at 9.6 km.hr-1.

However, those

reported by Gehlsen & Albohm [4] of 18.15 ± 6.65 cm.s-1 for 20 females of
varying breast size (34B-36D USA sizing) running on a treadmill at 11.2 km.hr-1,
were vastly different. This may be explained by between-study differences in
the methods used to calculate breast velocity. Gehlsen & Albohm [4] averaged
two breast cycles to calculate breast velocity whereas the instantaneous
velocity of 30 and 90 cycles was averaged in the present study and in the
Shivitz [9] study, respectively.
No previous research has reported vertical breast velocity during deep
water running or any other form of aquatic exercise. In the present study mean
peak vertical breast velocity was significantly less during deep water compared
to treadmill running. The mean peak vertical breast velocity during deep water
running was similar in the upward and downward direction (30 cm.s-1; see
Figure 4). However, during treadmill running it increased from 80 cm.s-1 in the
upward direction to 100 cm.s-1 in the downward direction.

Haycock [1]

described this downward motion of the breasts during running as “slapping
against the chest wall”. It is therefore not surprising that females with large
breasts

find

land-based

running,

particularly

when

poorly

supported,

uncomfortable.
The decrease in exercise-induced breast discomfort and pain evident
during deep water running was attributed to the significant reduction in mean
peak vertical breast velocity, which was three times less than during treadmill
running.

Vertical breast displacement, in contrast, was not significantly
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different, as originally hypothesised.

When interpreting this finding it is

important to highlight the biomechanical differences when running in the two
environments [13 20].

During treadmill running, breast motion was very

consistent and synchronised with heel strike, such that the breasts consistently
“slap” against the chest wall at heel strike. In contrast, during the deep water
running there was no heel strike and the motion was more erratic. Despite
similar vertical breast displacements, the breasts did not reach their end of
range in the downward direction during the deep water running as they started
off in a far more elevated position compared to the treadmill running trials, due
to the buoyant forces of the water. The buoyant forces also limited the peak
downward breast velocity, preventing the breasts from “slapping against the
chest” and, in turn, decreased exercise-induced breast discomfort and pain
typically associated with land-based running.

Conclusion
It was concluded that deep water running was perceived as a strenuous
but more comfortable form of exercise for females with large breasts relative to
running on a treadmill, significantly reducing exercise-induced breast pain and
discomfort, while providing additional resistance to significantly increase the
ratings of perceived exertion. Deep water running is therefore considered a
suitable form of exercise for sports medicine practitioners to prescribe to
patients with large breasts. The reduction in exercise-induced breast pain was
attributed to a reduction in peak vertical breast velocity, particularly in the
downward direction, rather than any change in vertical breast displacement.
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Chapter 7
Breast kinetics and breast support during physical activity for
females with large breasts

This chapter is an amended version of the manuscript submitted for
publication: McGhee, DE, Zealey, WJ and Steele, JR. Breast kinetics and
breast support during physical activity for females with large breasts. American
Journal of Sports Medicine. Submitted for publication December, 2009.

Abstract
Background: Although large breasts can contribute to numerous negative
health outcomes and inhibit females from participating in physical activity, the
breast forces generated in females with large breasts during static and dynamic
conditions have not previously been reported. Such data can provide important
biomechanical evidence regarding adequate breast support and strategies to
optimise sports bra design.
Purpose: This study aimed to quantify the magnitude of the bra/breast force
and level of exercise-induced breast discomfort generated during physical
activity in females with large breasts when wearing different types of breast
support. A secondary aim was to examine the relationship between breast
volume and vertical breast displacement during treadmill running.
Methods: The vertical component of the bra/breast spring force was derived
from breast volume data and breast kinematics measured for 15 females with
large breasts during treadmill running, in high and low breast support
conditions.

Participants also rated their exercise-induced breast discomfort

during each treadmill running trial.
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Study Design: Laboratory controlled study.
Results: The unilateral bra/breast spring force (mean difference 4.6 N, 95% CI
2.7 to 6.5 N) and rating of exercise-induced breast discomfort (mean VAS
difference 4.5; 95% CI 3.2-5.7) were both significantly less in the high support
condition compared to the low support condition.

A significant positive

correlation was found between breast volume and vertical breast displacement
(R2= 0.62).
Conclusion: The magnitude of the vertical component of the bra/breast spring
force reflects the high level of external breast support that bras are required to
provide for females with large breasts, to prevent the development of secondary
musculoskeletal pain during physical activity.
Clinical Relevance: Breast volume range and the magnitude of the bra/breast
spring force are important biomechanical considerations to ensure sport bras
are designed to provide adequate breast support for females when they
participate in physical activity.

Introduction
Large breasts can contribute to numerous negative health outcomes in
females, including musculoskeletal pain in the upper limb, neck, back and head
[1-4] and an inability to participate in physical activity [5-10]. These problems
can be so severe as to force females with large breasts to seek reduction
mammoplasty [1-4 11 12].

This inhibition of physical activity can also

perpetuate a reverberating cycle of these problems, as a reduction in energy
expenditure associated with decreased physical activity can contribute to weight
gain and, in turn, increased breast mass. Interestingly, the size of females’
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breasts is reported to be increasing, with 25% of the bra market reported to be a
D cup or greater and the average bra size increasing from a 12B to a 14C from
1991-2001 [13].
Despite the musculoskeletal problems associated with large breasts, the
forces that large breasts can generate on the torso during static and dynamic
activities or how external breast support can moderate these forces is yet to be
systematically investigated.

Sports bras have been designed to provide

external breast support for females in order to limit exercise-induced breast
discomfort that is often experienced during physical activity.

Consequently,

recommending appropriate external breast support should be an important
consideration for both females and health professionals responsible for female
patients, particularly those patients with large breasts or any other female that
experiences exercise-induced breast discomfort. However, research suggests
that females do not consider breast support to be important during physical
activity, with only 41% of adult females [10] and 13% of adolescent females [14]
found to be wearing sports bra during exercise. Furthermore, very few health
professionals, even those specialising in sport medicine, are trained in the
importance of appropriate external breast support.
Previous research relating to sports bra design has been limited to
kinematic data, with current sports bra designs focusing on limiting vertical
breast displacement [5-7 15]. Although these sports bra designs have been
found to be relatively successful in terms of reducing exercise-induced breast
discomfort [5 7 15], vertical breast displacement has been found to increase
with increments in bra size [16]. This suggests that breast volume, and in turn
breast force, may be important considerations in sports bra design and may
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offer evidence upon which to improve current designs and the comfort of
females with large breasts during physical activity.
The only published study on breast kinetics [17] derived rather than
directly measured the breast force, assuming breast mass values and
acceleration data from a previous study that had methodological limitations [6].
These study limitations included low subject numbers (n = 3), restricted subject
characteristics (small breasted, young females) [6 18 19] and breast
acceleration data that was derived from breast displacement data, which was
manually digitised for only two running strides, performed for only 5-7 seconds,
by three subjects.

Breast momentum data (breast mass x breast velocity),

however, has been previously measured in females with large breasts, and was
found to be associated with exercise-induced breast discomfort [7].
The breast is attached to the thorax via anatomical breast restraints, the
overlying skin and fine hair-like bands of fibrous tissue within the breast which
are connected to the pectoral fascia (Cooper’s Ligaments) [6].

These

anatomical restraints are supported externally by the bra, and together they
function essentially as a spring, which we will refer to as the bra/breast spring.
Due to the force of gravity acting on the breasts and the previously established
relationship between vertical breast displacement and exercise-induced breast
discomfort, the vertical component of the bra/breast spring force is of relevance
for external breast support. In a resting static position, the vertical component
of the bra/breast spring force is in equilibrium with the gravitational force, mg.
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Figure 1: Graph of vertical breast displacement versus time of the breast during
treadmill running. During the upward breast movement above the resting
position to the top of the breast cycle (A), the vertical component of the
bra/breast spring force is calculated by the equation Fbbs= mg-ma. During the
downward breast movement below the resting position to the bottom of the
breast cycle (B), the vertical component of the bra/breast spring force is
calculated by the equation Fbbs= mg+ma. The symbol “a” refers to the
magnitude of the instantaneous vertical breast acceleration and does not
include any directional information.

As a female begins to run and her breasts descend below their resting
static position to the bottom of the breast cycle (Figure 1), the gravitational force
opposes the bra/breast spring force, which is decelerating the downward breast
motion. In contrast, as her breasts rise above the resting static position to the
top of the breast cycle, the gravitational force assists the bra/breast spring force
to decelerate the upward breast motion. Hence, the bra/breast spring force is
less in magnitude during this upward phase of the breast cycle relative to the
downward phase.

Although an understanding of the magnitude of this

bra/breast spring is essential to ensure sports bras are designed to cater for the
loads generated during physical activity, the bra/breast spring force generated
105

Breast Kinetics

during physical activity by females with large breasts has not previously been
reported.
As there has been limited scientific evidence in terms of the magnitude of
breast forces generated by females with large breasts to support the importance
of breast support during physical activity or as a basis for sports bra design, the
primary aim of this study was to quantify the magnitude of the bra/breast spring
force females with large breasts experienced during treadmill running.

A

secondary aim of the study was to examine the relationship between breast
volume and vertical breast displacement to better understand the level of breast
support that a sports bra should provide for a given activity level, across a range
of bra sizes.

It was hypothesised that lower bra/breast spring forces and

exercise-induced breast discomfort would be associated with a higher level of
breast support and that a positive correlation would be found between breast
volume and vertical breast displacement, at a given level of breast support.

Methods
Participants
Fifteen females (mean age = 31 years; range 19-44 years) who were
professionally sized [20] to wear a D+ bra cup, were recruited as representative
of females with large breasts. The participant number provided a 99% power to
detect a delta score of 3.4 based on the maximum standard deviation (SD) of
the vertical component of the bra/breast spring force for each group (high
support group SD 7.4, low support group SD 10.8). All participants were fitted
by the one experienced bra fit assessor [DEM] using professional bra fitting
criteria [21]. The average reported bra band size of the participants was size
14 (range size 10-18; Australian sizing) and their median cup size was DD
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(range C-G). A table summarizing international brassiere sizing conversions
can be found in [20] . As hormone levels can influence connective tissue within
the breasts, only participants who were pre-menopausal and not currently
breast feeding or pregnant were recruited for the study.

Furthermore,

participants with a history of breast surgery or any musculoskeletal disorder or
pain that would inhibit them from running were excluded. No participants were
pre-menstrual at the time of testing. All recruiting and testing procedures were
approved by the University of Wollongong Human Research Ethics Committee
(HE05/83) and all participants gave written informed consent to participate in
the study.
Experimental Procedure
Participants ran on a treadmill for three minutes under two randomly
ordered bra conditions (i) a high level of breast support (New Legend sports
bra, Berlei, Pacific Brands, Victoria, Australia) and (ii) a low level of breast
support (Brazilian fashion bra, Kayser-Roth, Greensboro, NC, USA).

The

sports bra was an under-wire encapsulation design, marketed to limit breast
movement, with wide padded straps, a band made of strong elastic material and
cups made of rigid non-stretch fabric that completely covered each breast. The
fashion bra was an under-wire design, marketed for appearance, providing low
support as it was made of Lycra and lace, with thin straps and cups that
covered only part of the breast. Participants wore their own running shorts and
shoes during each experimental condition.
After familiarisation, each participant ran at 8 to 9 km/hr for three trials of
3 minutes duration (mean velocity 8.4 (standard deviation 0.9 km/hr)) on a
treadmill (PowerJog GX-100; Expert Fitness UK, Mid Glamorgan, UK) in the two
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breast support conditions. The familiarisation session ensured that fatigue was
not reached during the running sessions and 5 minutes recovery was allowed
between conditions. Data collection occurred after 2 minutes to ensure that a
steady state was achieved. Immediately after the running trials, the participants
were asked to rate their exercise-induced breast discomfort using a Visual
Analogue Scale (VAS; rated 0-10), with no discomfort rated as a “0” and
extreme discomfort rate as a “10”, as well as their perceived exertion (RPE)
using the Borg scale (rated 6-20) [22].
Breast Kinematics
Light emitting diodes (2 mm-diameter) were placed under the bra directly
on each participant’s right and left nipple, on the sternal notch and on the left
heel, using double-sided surgical tape to quantify breast motion relative to trunk
motion. The nipples have been found to be the best indicator of vertical breast
displacement [6 23]. The three-dimensional position of all markers in space
was tracked using two OptoTrak 3020 Position Sensors (100 Hz Northern
Digital, Ontario, Canada), which had a detection error of 0.001 m and were
located 3.6 m anterior and to the left of the participant.
The raw coordinate data for each marker for 30 breast cycles per
condition were imported into Visual 3D Basic software (Version 3.99.25.43, CMotion, Maryland, USA), which smoothed and filtered (fourth-order zero-phaseshift Butterworth digital low pass filter ƒc = 10 Hz) the data and then derived
vertical breast displacement (VBD; cm) and instantaneous vertical breast
acceleration (IVBA, m.s-2). Vertical breast displacement was measured relative
to vertical trunk displacement and heel strike. Instantaneous vertical breast
acceleration was calculated from the second derivative of the relative vertical
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breast displacement (frequency 100 Hz). Movement of the breast below the
resting position (nipple height when stationary), had a negative value whereas
the acceleration during the same period had a positive value. Each participant’s
left breast kinematics were described relative to left heel strike due to the
synchronicity of breast motion and heel strike. Previous research has reported
no significant difference between left and right breast vertical breast
displacement [18].
Breast Mass
Breast mass was estimated using breast volume multiplied by a breast
density coefficient.

A custom-designed water displacement device, which

consisted of a 4 litre graduated beaker connected via tubing to a 2 litre
graduated cylinder, measured breast volume by water displacement [7 24 25].
Each breast was placed individually into the beaker (while the participant leant
forward holding onto a support frame, keeping their trunk horizontal) and the
volume of water displaced by the breast was measured in the cylinder to the
nearest 25 ml. Each breast was measured three times by the same assessor
[DEM], ensuring that the position of the participant’s feet, torso, sternum and
arms were standardized, as pilot testing found that variations in participant
positioning affected breast volume measurement (reliability ICC = 0.97). An
average breast density of 0.70 x 103 kg.m-3 was used, based on the normal
density of breast fat (0.50 x 103 kg.m-3, range 0.4-0.6) and glandular tissue
(1.06 x 103 kg.m-3, range 1.05-1.08), which together form the breast [26]. It is
acknowledged that the percentage of each tissue is highly variable and is
known to differ with both age and race [26-29]. For the purpose of this study,
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67% fat and 33% glandular was used, according to the mean percent found in
the breast of pre-menopausal females [28 29].
Bra/Breast Spring Force
In the resting static position, the vertical component of the bilateral
bra/breast spring force was calculated as the gravitational force; left and right
breast mass x 9.81 m.s-2. The vertical component of the left bra/breast spring
force when the breast descended below the resting static position to the bottom
of the breast cycle was calculated as the weight of the breast plus breast mass
multiplied by the magnitude of the instantaneous vertical breast acceleration. In
contrast, the vertical component of the left bra/breast spring force when the
breast rose above the resting static position to the top of the breast cycle was
calculated by subtracting the gravitational force, mg, from the breast mass
multiplied by the magnitude of the instantaneous vertical breast acceleration
(Figure 1).
Statistical Analysis
Mean and standard deviation values were calculated for the breast
kinematic, kinetic, volume, discomfort and RPE scores, which were grouped
according to external breast support (high versus low support). Paired t-tests
were then used to determine any significant differences in the vertical
component of the bra/breast spring force, exercise-induced breast discomfort
and RPE between the two conditions. The bra/breast spring force was also
compared during both the upward and downward phase of the breast cycle.
Pearson

product

correlations

were

used

to

establish

any

significant

relationships between breast volume and vertical breast displacement.

All

statistical procedures were conducted using Prism 5 Software (GraphPad
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Software Inc, San Diego CA, USA, Version 5.0), with the alpha level set at p <
0.05.

Results
Bra/Breast Spring Force
The breast volume, acceleration and vertical displacement data from
which the bra/breast spring force was derived is illustrated in Table 1.

An

example of vertical breast displacement and instantaneous vertical breast
acceleration time-graphs during the two breast support conditions for one
participant (bra size 14E) during treadmill running at 8.6 km/hr is illustrated in
Figure 2. No significant difference was found in the duration of the breast cycle
between the two conditions (mean difference 0.01 s; 95% CI 0.00-0.02 s). The
mean bilateral vertical component of the bra/breast spring force (based on
mean bilateral breast volume of 1.514 L, range 0.566 - 2.616 L) in the static
position was 10.8±4.7 N (range 4.6 - 19.9 N). The mean vertical component of
the left bra/breast spring force during the downward phase was significantly less
in the high support (mean difference 4.6 N, 95% CI 2.7 to 6.5 N) compared to
the low support condition and associated with less exercise-induced breast
discomfort (mean difference 4.5,

95% CI 3.2 to 5.7; Table 2).

The mean

vertical component of the left bra/breast spring force was also significantly
greater during the downward phase of the breast cycle compared to the upward
phase in both support conditions (high support: mean difference 12.6 N, 95% CI
7.7 to 17.5 N; low support: mean difference 21.1 N, 95% CI 13.8 to 28.5 N)
(Figure 3).
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Table 1: Left breast volume and corresponding vertical component of the left
bra/breast spring force during downward movement of the breast below the
resting point, to the bottom of the breast cycle (Force), instantaneous vertical
breast acceleration (IVBA) and vertical breast displacement (VBD), in the high
and low breast support condition.
Left Breast
Volume
(L)

0.283
0.375
0.408
0.500
0.533
0.617
0.617
0.800
0.817
0.817
0.833
0.958
1.150
1.308
1.345

Force
(N)

IVBA
(m.s-2)

VBD
(cm)

High
Support

Low
Support

High
Support

Low
Support

High
Support

Low
Support

4.2
5.3
4.5
6.1
6.7
8.7
8.2
8.7
18.8
15.3
15.8
16.7
24.9
24.0
26.8

5.2
7.5
6.6
9.1
10.8
11.2
12.1
12.8
24.7
19.9
21.0
25.4
40.0
35.1
34.4

11.3
10.3
5.8
7.7
8.2
10.4
9.2
5.6
23.0
16.9
17.3
15.1
21.2
16.4
17.2

16.4
18.6
13.1
16.1
19.2
16.2
18.3
13.1
33.5
25.1
26.1
28.0
39.9
28.5
28.4

3.2
3.0
2.3
2.3
2.7
1.5
3.5
3.6
5.6
4.2
4.2
5.3
5.4
4.7
5.8

4.0
4.6
3.8
4.2
5.2
4.6
5.4
5.5
6.5
6.4
5.6
8.2
13.2
6.4
7.7

Table 2: Mean (SD) Visual Analogue Scale scores (VAS; 0-10), 95%
CI, and between-condition p-values characterizing breast discomfort
and ratings of perceived exertion during the running trials in the high
and low breast support conditions.
High
Support

Low
Support

95% CI difference

Betweencondition P-value

Breast Discomfort
(VAS Score 1-10)

2.4
(2.7)

6.9
(2.9)

4.5
(3.2-5.7)

<0.0001

RPE (Borg Scale 620)

12
(2.0)

12
(0.4)

0.2
(0.3-0.6)

0.42
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Figure 2: Vertical breast displacement (VBD, cm) and vertical breast
acceleration (IVBA, m.s-2) versus time (s) graphs, for one participant (bra size
14E, running at 8.6 km/hr) running in the high and low breast support
conditions. Note that the pattern of vertical displacement and acceleration is
the same for each condition; only the magnitudes differ.
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Figure 3: Vertical component of the mean left bra/breast spring peak force
during the upward breast movement above the resting position to the top of the
breast cycle and downward breast movement below the resting position to the
bottom of the breast cycle during the high support and low breast support
conditions. * indicates a significant difference (p < 0.001).

Correlation of Breast Volume and Vertical Breast Displacement
In the high breast support condition breast volume was found to be
significantly correlated with vertical breast displacement (R2 =0.63, p < 0.0001),
such that increased breast volume was associated with increased vertical
breast displacement.
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Figure 4: Correlation (R2 =0.63, p < 0.0001) of left breast volume and vertical
breast displacement in the high breast support condition. Solid line indicates
the best-fit line and dotted lines indicate 95% confidence band of the best-fit
line.

Discussion
Breast Acceleration and Volume
The vertical breast displacement data used to derive instantaneous
vertical breast acceleration was consistent with previous studies, taking into
account between-study differences in the level of breast support, bra size and
the running cadence of the participants [5 7 16 30].

The mean peak

instantaneous vertical breast acceleration was greater than that reported
previously [6 19], which may be attributed to the older mean age and larger
breasts of participants in the present study compared to previous research. The
current mean peak instantaneous vertical breast acceleration was less than that
measured with an accelerometer [18], although accelerometers have been
found to over-estimate breast acceleration [19]. The breast volume data were
consistent with previous research with respect to bra size [31], breast
asymmetry [31 32] and in the range of breast volumes found for the same bra
size [31 33].
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Bra/Breast Spring Force
This is the first study to measure and report the bra/breast spring force
generated during treadmill running in females with large breasts.

The high

magnitude of the bilateral bra/breast spring force due to the weight of the
breasts in the upright posture, which is experienced for long durations during
the day, would tend to draw the thoracic spine into flexion and contribute to the
development of poor posture in the thoracic spine (increased kyphosis and
scapula protraction) and cervical spine (increased lordosis). This posture can
contribute to the development of secondary musculoskeletal dysfunctions and
pain in the upper torso, which are reported in females with large breasts, such
as neck and back pain and headaches [2-4 11 20]. The weight of the breasts
pulling down on the straps of an ill-fitting or poorly designed bra (thin straps that
support a greater percentage of the weight of the breasts relative to the band of
the bra), can also result in deep furrows in the shoulders and upper limb nerve
dysfunction [3 4], again conditions reported by females with large breasts.
Consequently, the high magnitude of the bilateral bra/breast spring force
provides evidence that adequate breast support, with wide padded straps is
required by females with large breasts even in static conditions, for them to
achieve and maintain good posture.
The significantly lower bra/breast spring force and exercise-induced
breast discomfort in the high support condition suggests that a sports bra,
providing a high level of breast support, should be considered an essential item
of protective sporting equipment for females with large breasts rather than just
an under garment. Bra manufacturers also need to be aware of the magnitude
of the bra/breast spring forces, particularly during the downward phase of the
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breast cycle, in order to design bras that can provide the necessary level of
support for these forces and, in turn, allow females with large breasts to
exercise in comfort. The lack of significant difference in the duration of the
breast cycle between the two support conditions for the same activity, confirms
the importance of minimising vertical breast displacement in any sports bra
design to minimise breast force.
The positive correlation between breast volume and vertical breast
displacement in the high support condition suggests that current sports bras are
not designed to accommodate the range of bra/breast spring forces. That is, as
breast volume (mass) increased, the efficacy of the support provided by the
sports bra was less, such that the sports bra was unable to limit vertical breast
displacement to the same extent in females with the largest breasts in this study
compared to their smaller (although still large) breasted counterparts (see Table
1).

This result is consistent with previous research [16] and highlights that

breast volume range and the magnitude of the bra/breast spring force during
the downward phase of the breast cycle are important biomechanical
considerations for sports bra design.

Modifying sports bra designs to

incorporate features to cater for variations in the bra/breast spring forces across
the range of breast volumes may offer greater support and comfort for females
with large breasts.
In addition to recommending high support bras, sports clinicians can
educate females with large breasts on physical activities that can minimise the
bra/breast spring force.

That is, physical activities which involve minimal

vertical trunk displacement or no profound heel strike (e.g. cycling, air walker)
cause minimal vertical breast displacement [30].
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acceleration has been linked to lower limb cadence, the faster the cadence, the
higher the breast acceleration [6]. Therefore, activities with a slower lower limb
cadence (e.g. walking versus running) are also likely to cause less breast
acceleration and, in turn, lower bra/breast spring forces and reduced exerciseinduced breast discomfort. Decreasing breast mass (through weight loss) could
also decrease breast force and the associated exercise-induced breast
discomfort.

Conclusion
The magnitude of the vertical component of the bra/breast spring force,
particularly during the downward phase of the breast cycle, reflects the high
level of external breast support that bras are required to provide for females
with large breasts during both static and dynamic situations, to prevent the
development of secondary musculoskeletal pain. Breast volume range and the
magnitude of the bra/breast spring force are important biomechanical
considerations for sports bra design, which may offer a scientific basis for
improvements in current sports bra design to allow all females to exercise in
greater comfort, irrespective of their breast size.
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Chapter 8
Breast elevation and compression decreases exercise-induced
breast discomfort

This chapter is an amended version of the manuscript accepted for
publication: McGhee, DE and Steele, JR. 2009. Breast elevation and
compression decreases exercise-induced breast discomfort. Medicine and
Science in Sports and Exercise. In press May, 2010.

Abstract
Purpose: To investigate whether a sports bra designed to both elevate and
compress the breasts could decrease exercise-induced breast discomfort and
bra fit discomfort experienced by females with large breasts relative to a
standard encapsulation sports bra.
Design: Laboratory Controlled Study.
Methods: Breast kinematic data, bra fit comfort, exercise-induced breast
discomfort and bra rankings in terms of preference to wear during running, were
compared in 20 females with large breasts who ran on a treadmill under three
bra conditions, an experimental bra that incorporated both breast compression
and elevation, an encapsulation sports bra and a placebo bra. Subjective data
were collected immediately before and after the treadmill running trials.
Results: Exercise-induced breast discomfort (p < 0.01) and bra discomfort (p <
0.01) were significantly less for the experimental bra condition relative to the
sports bra and placebo bra. This reduction in discomfort was achieved through
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greater breast elevation (p < 0.01) and compression, with no difference found in
vertical breast displacement (p = 0.12) or vertical breast velocity (p = 0.06).
Conclusion: The design features of greater breast elevation and compression
provided significantly increased breast and bra comfort, compared to a standard
encapsulation sports bra, during physical activity for females with large breasts.

Introduction
Excessive vertical breast displacement during physical activity has been
linked to exercise-induced breast discomfort and embarrassment associated
with physical appearance [1-8], both of which are barriers to females
participating in physical activity [1-8].

To limit this excessive vertical breast

displacement, females are usually encouraged to wear external breast support,
such as a sports bra, during physical activity [2 3 9-11]. Although external
breast support is required by a large proportion of the population, particularly
those females who wish to participate in physical activity, there is a paucity of
published papers on the science of breast biomechanics during physical activity
or other such evidence upon which to design effective sports bras. Two main
types of sports bras are typically available, encapsulation bras and compression
bras. Encapsulation sports bras support each breast in a separate cup and are
usually composed of non-elastic material in the bra cups, strong elastic material
in the bra band and wide padded straps for comfort [2 10]. Compression bras,
usually known as crop tops, are made of elastic material, which functions to
compress both breasts as a single unit against the chest wall. Biomechanical
studies have found encapsulation sports bra to be superior to crop tops in
limiting vertical breast displacement and exercise-induced breast discomfort [2
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10]. However, those bras found to be the most effective in reducing vertical
breast displacement, have also been ranked the most uncomfortable to wear
[2]. In order to promote physical activity and its long-term secondary health
benefits for females, further development of sports bra design is warranted,
based on scientific evidence, to ensure breast support options are both
functional and comfortable.
Results of a recent biomechanical study of females running in deep
water revealed that females with large breasts experienced significantly lower
exercise-induced breast discomfort compared to when they ran on a treadmill,
despite comparable vertical breast displacement during the two running
conditions [12].

As the women’s breasts were significantly elevated by the

buoyant forces associated with the aquatic environment during deep water
running, it was speculated that the buoyant forces, which counteracted
gravitation forces, reduced tension on the passive anatomical breast supports
(i.e. the overlying skin and Cooper’s Ligaments). That is, the upward buoyant
forces decreased the instantaneous vertical breast velocity and prevented the
breasts from reaching their end range of motion during the downward breast
trajectory, reducing “breast slap” [4]. However, as synchrony of breast motion
relative to the running cycle differed in the two environments, it is unknown
whether the reduction in exercise-induced breast discomfort associated with the
breast elevation and slower instantaneous vertical breast velocity, characteristic
of deep water running, could be replicated during land running through sports
bra design modifications.
Previous research has shown that if large ptotic breasts are elevated
without simultaneous compression, they protrude further anteriorly from the
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body in the anterior-posterior direction [13]. Such protrusion can increase the
breast moment arm relative to the trunk, possibly increasing loading on the
breast tissue’s anatomical restraints, compromising the support they provide,
particularly over the long term via tissue elongation. Therefore, we postulate
that, when designing a sports bra, breast elevation should be accompanied by
breast compression.

However, inconsistent results have been reported

regarding the effect of additional breast compression worn external to an
encapsulation sports bra in terms of reducing exercise-induced breast
discomfort [1 10].
The aim of this study was to investigate whether a sports bra designed to
both elevate and compress the breasts, in addition to limiting vertical breast
displacement, could decrease exercise-induced breast discomfort and bra fit
discomfort experienced by females with large breasts relative to a standard
encapsulation sports bra that only limited vertical breast displacement.

We

hypothesised that, compared to a commercially available high support
encapsulation sports bra, a high support bra which also elevated and
compressed

the

breasts

would

result

in

comparable

vertical

breast

displacement, less vertical breast velocity, and reduced exercise-induced breast
discomfort and bra discomfort when females with large breasts ran on a
treadmill.

Methods
Subjects
Twenty females (mean age = 31 ± 8 years; range 19-44 years) who were
professionally sized to wear a C+ bra cup were recruited as representative of
females with large breasts.

All of the subjects were fitted by the one
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experienced bra-fit assessor [DEM], using professional bra fitting criteria [14].
The average reported bra band size of the subjects was size 14 (range size 1018; Australian sizing) and their median cup size was DD (range C-F).

As

hormone levels can influence connective tissue within the breasts, only subjects
who were pre-menopausal and not currently breast feeding or pregnant were
recruited for the study.

Furthermore, participants with a history of breast

surgery or any musculoskeletal disorder or pain that would inhibit them from
running were excluded. All recruiting and testing procedures were approved by
the University of Wollongong Human Research Ethics Committee (No.
HE05/83) and all subjects gave written informed consent to participate in the
study.
Experimental Procedures
Subjects ran on a treadmill in three randomly ordered bra conditions: a
commercially available encapsulation sports bra (New Legend sports bra,
Berlei, Pacific Brands, Victoria, Australia), an experimental bra that provided
both compression and elevation, and a placebo bra. All bras offered a high
level of breast support in terms of limiting vertical breast displacement. The
experimental bra and the placebo bra both used the same band, under-wire and
strap structure as the sports bra, but the non-elastic material of the sports bra
cups were replaced with an elastic rubber material (Dura-Band®, For You Inc.,
Pittsburgh, PA, USA), which compressed the breasts when the subjects were
fitted with the experimental and placebo bra. Two grades of elastic material
were used (red and orange of the DURA-BAND® Resistance Exercise
Systems; http://www.duraband.com/Resistance_Levels.html, accessed 5/05/09)
with the material providing greater resistance to stretch used in the larger sized
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bras (16D+), as previous research has found that vertical breast displacement
increases as bra size increases [3].

In addition to compression, the

experimental bra was designed to provide breast elevation, which was achieved
using high-density 1 cm-thick foam pads placed in the inferior/lateral aspect of
the experimental bra cup.

The size and shape of the pads changed in

accordance with breast mass and functioned to increase the stiffness of the
inferior/lateral aspect of the cup to form a platform, in order to elevate the
breast.

Therefore, only the experimental bra offered simultaneous breast

compression and elevation. All testing was conducted in the Biomechanics
Research Laboratory at the University of Wollongong and subjects wore their
own running shorts and shoes during all testing for each bra condition.
During a familiarization period of treadmill running, each subject selfselected a treadmill running velocity, which they could maintain for at least 3
minutes without experiencing fatigue.

As the subjects were selected to

represent females from the general population, including those who are
currently physically active as well as those who wish to become physically
active, there was a wide range of self-selected running velocities (mean = 8.3 ±
1.3 kph; range = 6.6 – 12 kph). They then ran on a treadmill (PowerJog GX100; Expert Fitness UK, Mid Glamorgan, UK) at this velocity in each
experimental condition, for three trials of 3 minutes duration, with at least 5
minutes rest between conditions. Data collection occurred after 2 minutes to
ensure steady-state breast motion had been achieved. Immediately prior to and
after the running trials, the subjects were asked to rate their bra fit comfort,
breast discomfort and perceived breast movement using a Visual Analogue
Scale (rated 0-10), with no discomfort or movement rated as “0” and extreme
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discomfort or movement as “10”. They were also asked to rate their Perceived
Exertion (RPE) using the Borg scale (rated 6-20) [15], as well as rank the bras
in order of preference to wear during running, considering breast and bra
discomfort and perceived breast movement. The bras were ranked 1-3, with 1
being the most preferred and 3 the least preferred. If the preferential ranking for
two bras was the same, the marks were split between the two bras.
Breast Kinematics
To quantify breast motion relative to trunk motion, infrared light-emitting
diodes (2 mm diameter) were placed directly on both nipples under each bra
using double-sided surgical tape, as the nipples have been found to be the best
indicator of vertical breast displacement [3 16]. Markers were also placed on
each subject’s sternal notch and left heel to enable later calculation of breast
movement relative to trunk motion and heel strike. To ensure that the principal
axes of the trunk were aligned to the global coordinate system, markers were
also placed on the acromion processes, iliac crests and spinous process of the
twelfth thoracic and fifth lumbar vertebra. The three-dimensional position of all
markers in space was tracked using two OPTOTRAK 3020 Position Sensors
(100 Hz; Northern Digital, Ontario, Canada) positioned 3.6 m away from the
subject in the frontal and sagittal plane.
The raw coordinate data for each marker were imported into Visual 3D
Basic software (Version 3.99.25.43, C-Motion, Maryland, USA), which filtered
(fourth-order zero-phase-shift Butterworth digital low pass filter (fc = 10 Hz)) and
smoothed the data. The processed data were then used to derive the following
kinematic parameters for a minimum of 30 breast cycles per condition: (i)
vertical breast displacement (VBD; cm) relative to the torso, (ii) instantaneous
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vertical breast velocity (IVBV, cm.s-1), (iii) breast compression (cm), measured
as the distance from the nipple to the sternum in the anterior-posterior plane
while the subjects were standing still, and (iv) breast elevation (cm), measured
by the low point of vertical breast displacement, relative to the sternal notch,
during the downward breast trajectory. As the nipples are positioned below the
sternal notch marker, breast elevation was expressed as a negative value,
whereby increased elevation was represented by a smaller value (i.e. the
nipples were elevated and therefore closer to the sternal marker). Left breast
kinematics were described relative to left heel strike due to the synchronicity of
breast motion and heel strike and because previous research has reported no
significant difference between the left and right breast vertical displacement
[17].
Statistical Analysis
Means and standard deviations were calculated for the average vertical
breast displacement, vertical breast velocity, breast elevation during the
downward breast trajectory and breast compression in the static position. The
mean Visual Analogue Scale (VAS) scores of the subjective variables
characterising breast and bra discomfort pre- and post-running trials, as well as
ratings of perceived exertion (RPE, Borg scale) were also compared amongst
the three conditions. A repeated-measures ANOVA design (p < 0.05) with one
within factor (bra condition) was used to compare the above data across the
three bra conditions, with Bonferroni post hoc analyses used to identify where
any significant between-condition differences were. Wilcoxon Signed Ranks
tests were used to compare the bra rankings. All statistical procedures were
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conducted using SPSS Software (SPSS Inc., Chicago, Illinois, USA, Version
15.0).

Results
Vertical Breast Displacement and Velocity
No significant main effect of bra condition was found on the vertical
breast displacement (p = 0.12) or instantaneous vertical breast velocity (p =
0.06) (Table 1). No significant between condition difference was found in the
mean duration of the subjects’ strides from left heel strike to left heel strike (p =
0.72), or the mean duration of the downward breast trajectory (p = 0.17).

Table 1: Mean (SD) vertical breast displacement (VBD) and instantaneous
vertical breast velocity (IVBV) of the left breast relative to the trunk when
subjects (n = 20) wore the experimental bra, placebo bra, and sports bra. There
was no significant difference between the three bra conditions.

Variable

Experimental
Bra

Placebo
Bra

Sports
Bra

VBD (cm)

3.7
(1.4)

4.0
(1.5)

3.9
(1.2)

IVBV (cm.s-1)

45.5
(19.5)

49.4
(21.2)

48.8
(15.2)

Breast Elevation
There was a significant main effect of bra condition on breast elevation (p
< 0.001). Post hoc analysis confirmed that breast elevation in the experimental
bra condition was significantly greater (on average 2 cm greater) than when
wearing the sports bra and when subjects wore the placebo bra (Figure 1).
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Figure 1: Mean (±SD) breast elevation, signified by vertical displacement of the
left nipple (cm) relative to the sternal notch during the downward breast
trajectory for the experimental bra (EB), placebo bra (PB) and sports bra (SB).
A significant difference was found between the three bra conditions, with the EB
having the greatest breast elevation, signified by the least distance of the nipple
below the sternal notch. * indicates a significant between-bra condition
difference (p < 0.01).
Breast Compression
There was a significant main effect of bra condition on static breast
compression (p < 0.001), whereby breast compression was significantly greater
when subjects wore the placebo bra relative to both the sports bra and the
experimental bra (Figure 2).

Although no significant difference in breast

compression was found between the experimental bra and the sports bra
condition (p = 0.27), the experimental bra incorporated a 1 cm thick pad in the
cup that artificially increased this measurement.
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Figure 2: Mean (±SD) breast compression, signified by the mean distance of
the left nipple relative to the manibrosternal angle (sternum) in the anteriorposterior plane for the experimental bra (EB), placebo bra (PB) and sports bra
(SB). The PB had significantly more breast compression (p < 0.01) than both
the EB and the SB. Although there was no statistical difference between the
experimental bra and the sports bra condition for breast compression (p = 0.27),
the EB had a 1 cm thick pad within the bra cup, which would have increased
this measurement. * indicates a significant between-bra condition difference (p
< 0.01).
Breast and Bra Discomfort
Before the running trials, the subjects reported no significant betweencondition difference in breast or bra discomfort or in the ratings of perceived
exertion (RPE) during the running trials (Table 2). However, after running the
subjects reported significantly less breast and bra discomfort and less perceived
breast movement when wearing the experimental bra compared to when
wearing the placebo bra and the sports bra (Table 2). The subjects reported
low Visual Analogue Scale scores for exercise-induced breast discomfort for all
three bra conditions. The experimental bra was ranked the “most preferential
bra to wear during running” (p < 0.05; Figure 3).
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Figure 3: Mean (±SD) bra ranking (“most preferred bra to wear during physical
activity”) for the experimental bra (EB), placebo bra (PB) and sports bra (SB).
The bras were ranked 1-3, where 1 was ranked the bra most preferred and 3
the bra least preferred. The EB was ranked significantly better than either the
PB or the SB. *indicates a significant between-support condition difference (p <
0.05).

Table 2: Mean (SD) Visual Analogue Scale scores (VAS: 0-10) characterizing
breast and bra discomfort and perceived movement for the experimental bra,
placebo bra and the sports bra before and after the running trials. Subjects (n =
20) reported significantly lower VAS scores in breast and bra discomfort and
perceived movement after the running trials when wearing the experimental bra
compared to the placebo bra and the sports bra.
Variable

Experimental
Bra

Placebo
Bra

Sports
Bra

Main Effect
p-Value

Before Running Breast Discomfort
(VAS Score 0-10)

0.6
(1.2)

0.9
(1.7)

0.8
(1.5)

0.59

Before Running Bra Fit Discomfort
(VAS Score 0-10)

1.6
(1.6)

1.8
(1.8)

1.5
(2.0)

0.72

After Running Breast Discomfort
(VAS Score 0-10)

1.0
(1.4)

2.9
(2.5)

2.5
(2.7)

< 0.01

After Running Bra Fit Discomfort
(VAS Score 0-10)

1.4
(1.5)

3.1
(2.6)

2.9
(2.2)

< 0.01

Perceived Movement
(VAS Score 0-10)

2.0
(1.8)

3.7
(2.3)

3.9
(2.6)

< 0.01

RPE
(Borg Scale 6-20)

12.4
(1.5)

12.2
(1.8)

12.2
(2.1)

0.38
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Discussion
Vertical Breast Displacement
Consistent with our hypothesis, vertical breast displacement was
comparable between all three bra conditions.

It was also consistent with

previous studies, which have documented comparable magnitudes of vertical
breast motion of females running on a treadmill while wearing high levels of
breast support [1 2].

Previous research has found a strong relationship

between vertical breast displacement and exercise-induced breast discomfort
[1-3 10 12]. The design of all three bras used in the current study therefore
offered a high level of breast support and, accordingly, relatively low levels of
exercise-induced breast discomfort. However, as no significant difference was
found in the vertical breast displacement between the three bra conditions, the
variations found in breast and bra discomfort in the present study could not be
attributed to variations in vertical breast displacement.
Vertical Breast Velocity
The instantaneous vertical breast velocity in the present study was
consistent with previous research [1 12]. We originally speculated that it might
be feasible to decrease instantaneous vertical breast velocity by increasing the
duration of the downward breast trajectory, as has been found previously in
water running research [12]. The use of elastic material in the cup aimed to
achieve this increased downward breast trajectory duration. However, as the
duration of the breast cycle is coupled with stride cadence, it was not possible
to affect the within subject instantaneous vertical breast velocity in the present
study, where stride cadence was standardized by ensuring the subjects ran at
the same treadmill velocity in all the bra conditions. Therefore, limiting vertical
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breast displacement appears to be the crucial factor in sports bra design when
attempting to minimise instantaneous vertical breast velocity.
Breast Elevation
The subjects’ breasts were significantly elevated, particularly during the
downward breast trajectory, when they wore the experimental bra.

We

speculate that this increased breast elevation reduces tension and loading on
the anatomical breast support structures, as these structures were further from
their end of range when the subjects wore the experimental bra compared to
when they wore either the placebo or the sports bra.

Breast movement is

restrained by a combination of the bra and the breast’s anatomical supports (the
overlying skin and Cooper’s Ligaments) [4 9], the bra/breast spring. These
anatomical structures are passive tissues and would contribute maximally to the
bra/breast spring when they are at the end of their lengthened tensile range.
Therefore, if these tissues were not at the end of their range, the percentage of
their contribution to the bra/breast spring is likely to be less when wearing the
experimental bra relative to when wearing either the placebo bra or the sports
bra.

This may explain why exercise-induced breast discomfort and bra

discomfort during the running trials were less in the experimental bra condition
compared to the placebo and sports bra conditions. It is also possible that
simply elevating breast mass may decrease breast discomfort by altering the
breast’s moment arm relative to the postural muscles that control the trunk and
shoulders, although this notion warrants confirmation by further research.
Breast Compression
The significant increase in breast compression when subjects wore the
placebo bra compared to the other two bra conditions suggests that
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incorporating elastic material in the cup can successfully compress the breasts
against the torso, even in an encapsulation design. Even though there was no
significant difference in the measure of compression between the experimental
bra and sports bra, we speculate that the experimental bra applied greater
breast compression than the sports bra because it also contained a 1 cm thick
pad in the lower half to one third of the cup, which would have increased the
breast compression measurement. The benefit of this compression, in terms of
reducing exercise-induced breast discomfort, was consistent with previous
studies that have investigated compression effects provided by crop tops [18],
compression applied external and in addition to an encapsulation sports bra [1],
and compression gained by wearing two bras simultaneously during sport [18].
Combining the characteristics of encapsulation and compression within the one
bra to support the breasts during physical activity instead of wearing two bras, is
beneficial in terms of increased comfort, as well as reduced cost.

This is

particularly relevant as crop tops, which have no clasps to undo the bra, tend to
wear out quickly as they are stretched every time they are put on or taken off.
Breast and Bra Discomfort
The significant reduction in VAS scores for exercise-induced breast
discomfort, bra discomfort and perceived breast movement when subjects wore
the experimental bra compared to the sports bra and placebo bra, confirms the
notion that the modified cup design of the experimental bra improved both
breast and bra comfort of females with large breasts. The fact that the placebo
bra was reported to be less comfortable than the experimental bra and at the
same comfort level as the sports bra, confirms that breast compression in
isolation without breast elevation does not offer substantial improvement in
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comfort, relative to the rigid cup design of an encapsulation sports bra design.
However, combining breast compression with breast elevation achieved a
significant improvement in comfort for females with large breasts.
The significant decrease in perceived breast movement when subjects
wore the experimental bra contradicts the lack of a between-bra condition
difference in vertical breast displacement. That is, the subjects perceived that
their breast movement was less when they wore the experimental bra, even
though there was no significant difference in the vertical breast displacement in
each condition. Whether this perception of reduced movement is a result of
altering breast motion in planes beyond the vertical or whether it is associated
with not allowing the breasts to reach their end range of motion during the
downward breast trajectory requires further investigation. The VAS scores of
exercise-induced breast discomfort were also very low for all three bras,
particularly considering the large breast size of the subjects, suggesting that the
level of support offered by three bras conditions was high. The ranking of the
experimental bra to wear in preference to the sports bra, despite the very
rudimentary construction of the experimental bra prototype, took into
consideration breast movement, breast discomfort and bra fit discomfort. As
overall comfort is paramount to encourage females to wear supportive bras
during physical activity, this subjective measure is very important.
The participants in the current study were selected to represent
“average” adult females with large breasts, so that the results of the study would
be applicable to “average” women living in the community, including women
who were physically active as well as women who were more sedentary but
wished to become physically active. Consequently, participant selection criteria
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were based on age and breast size, and running experience and fitness were
not standardised.

However, this variation in fitness level and running

experience resulted in a wide range of self-selected treadmill running velocities
(6-12 km/hr.) that could be maintained by the participants for the required 3
minutes, without incurring fatigue.

Although running velocity may influence

breast biomechanics (8), the present study was based on a within-subject
design to minimise the effect of this limitation on the study results.

Conclusion
Combining breast elevation and compression in an encapsulation sports
bra resulted in significantly lower subjective ratings of exercise-induced breast
discomfort, bra discomfort and perceived breast movement by females with
large breasts, relative to when they ran wearing a standard encapsulation
sports bra. These results provide scientific evidence upon which to base the
design of sports bras, particularly for females with large breasts, so that their
breast support options are both functional and comfortable.

Such

improvements in sports bra design can enable females with large breasts to
exercise in greater comfort, allowing them to enjoy the health benefits
associated with participating in physical activity.
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Chapter 9
Summary, Conclusion and Recommendations for Further
Research

Summary
Adequate breast support when participating in physical activity requires
both correct bra fit and a supportive bra design.

This thesis aimed to

systematically investigate factors affecting the fit and the design of bras worn
by females during physical activity, in order to develop breast support
strategies to minimise exercise-induced breast discomfort. This was achieved
through a series of studies that investigated the methods used to determine bra
size, the bra wearing behaviour and bra fit ability of females (Section A) and
breast kinematics and kinetics during physical activity (Section B). The bra fit
studies of Section A (Chapters 2-5) aimed to improve breast comfort and
support by optimising bra fit, whereas the bra design studies of Section B
(Chapters 6-8) aimed to provide a greater understanding of breast
biomechanics during physical activity in order to improve breast comfort and
support through sports bra design.
In Chapter 2 the quantitative methods typically used to determine bra
size (Chest Circumference and Breast Hemi-circumference method) were
investigated relative to the subject-reported bra size. Whether variations in the
Chest

Circumference

methodology

recommended

by

different

manufacturers affected the determined bra size was also explored.

bra

It was

proposed that any variation in the bra size determined by the different
measurement methods would contribute to the lack of standardisation of bra
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sizes by bra manufacturers, as well as to inconsistencies evident in the bra size
of females when wearing different bra styles and brands. The hypothesis that
variations in the way females are measured, such as their respiratory state or
whether a bra was worn during measurements, would affect the determined bra
size was confirmed.

Therefore, based on the results of Chapter 2, it was

concluded that standardisation of any quantitative bra size measurement
method was required to improve bra fit. However, as the bra size determined
by the Breast Hemi-circumference method was better matched to the subjectreported bra size than the Chest Circumference method, it was proposed that a
more valid and reliable bra sizing measurement method was needed, and this
method could potentially use the Breast Hemi-circumference measurement to
specify cup size and the raw under bust chest circumference measurement to
determine band size.
The results of Chapter 2, however, had to be interpreted with caution as
the subject-reported bra size was used as the reference standard against which
to compare bra sizes determined using other the quantitative methods.
Although subject-reported bra size has been used previously as a reference
standard, there was no independent assessment to confirm whether the
subject-reported bra size fitted each subject correctly or not.

This was a

limitation, particularly because a high percentage of females (70%) are
proposed by both the media and bra manufacturers to be wearing the wrong bra
size.

The only previous research to verify these claims, however, involved

subjects who were females requesting breast reduction surgery, 100% of who
were found to be wearing an incorrect bra size. Consequently, in Chapter 3 the
bra fit status of females who represented a large range of bra sizes and ages (n
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= 104) was investigated. The bra size of these subjects was determined both
qualitatively (via participant self-selection) and quantitatively (via the Chest
Circumference and Breast Hemi-circumference measurement methods),
relative to a correctly-fitted bra size, assessed using professional bra fitting
criteria. It was hypothesised that the bra size determined by self-selection or by
the standardised quantitative methods would result in poorer bra fit than the bra
size determined using professional bra fitting criteria. Alarmingly, as many as
85% of the female participants physically assessed were found to be wearing
the wrong size bra. Furthermore, the quantitative bra sizing methods (Chest
Circumference and Breast Hemi-circumference method) were found, at best,
only to estimate the correct bra size.

As a low percentage of the female

participants reported to use professional bra fitting services, education of
professional bra fitting criteria was proposed to be the best method for females
to independently choose a correctly fitted bra, suitable to wear during physical
activity. Improvements gained in bra fit using professional fitting bra criteria
have the potential to benefit the health and quality of life of females through the
promotion of physical activity, by improving breast support and comfort during
physical activity, as well as through the prevention of musculoskeletal disorders
associated with poor bra fit.
The cup of a correctly fitted bra should fully encase each breast. The
results of Chapter 3, however, highlighted that bra size determined using
professional bra fitting criteria and bra cup size measurements were poorly
related. Therefore, in Chapter 4, the relationships among breast volume (breast
size), professionally-fitted bra cup size and quantitative bra cup size
measurements were investigated.

It was hypothesised that breast volume
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would be positively correlated to bra cup size, determined both qualitatively and
quantitatively. Results of Chapter 4 highlighted that a range of breast volumes
was found for the same professionally fitted bra size, as well as for the same
cup size, in different band sizes. Furthermore, breast shape was found to affect
the breast volume measurement.

On the basis of these findings it was

concluded that breast shape was as important as breast volume to achieve
correct bra fit.

It was also suggested that females should not consider

themselves to be one cup size, but rather a combined cup and band size, as
their cup size will vary with different band sizes.

Furthermore, the higher

correlation found between breast volume and the Breast Hemi-circumference
bra cup size measurements relative to the Chest Circumference bra cup size
measurements, suggested that the Chest Circumference method may be
contributing to the lack of bra size standardisation between different styles and
brands of bras and, in turn, the poor bra fit status of females. This is because
bra manufacturers typically use the Australian Standard Guidelines of bra
sizing, which utilises the Chest Circumference method to determine bra size.
This finding also provided evidence to support the proposal made in Chapter 2,
that the Breast Hemi-circumference method for cup size determination and the
raw under bust chest circumference values for band size determination, may
offer a more valid and reliable bra sizing method that the method currently
described by the Australian Standard Guidelines of bra sizing.
The results of Chapters 2 to 4 supported the notion that education of
professional bra fitting criteria was a potential strategy to improve the ability of
females to independently choose a supportive, comfortable, well-fitted bra to
wear during physical activity. Consequently, Chapter 5 investigated whether an
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educational intervention related to bra fit and breast support could improve the
knowledge and bra wearing behaviour of adolescent females during physical
activity. The results of Chapter 5 confirmed that adolescent females, like their
adult counterparts, had a poor bra fit status (85% incorrect bra size) and low
utilisation (25 %) of professional bra fitting services. The clinical trial conducted
in Chapter 5, however, found that education in the form of a booklet that
incorporated behavioural change strategies was effective in improving the bra fit
and breast support behaviour of adolescent females during physical activity.
Interestingly, the improved breast support did not lead to a decrease in
exercise-induced breast discomfort. This finding, however, was attributed to the
low ratings of exercise-induced breast discomfort reported by the adolescents,
possibly due to the relatively small breast size of the participants and the
mechanical properties of the anatomical tissues supporting the breast supports
in this young participant group. The improved breast support in this adolescent
age group was thought to be more effective in decreasing the embarrassment
of physical appearance during exercise, by reducing breast bounce rather than
exercise-induced breast discomfort.
Although correct bra fit is vital for any bra to support the breasts properly
during physical activity, the design of a bra worn during physical activity must
also provide adequate structural support for the breasts.

Therefore, breast

biomechanics during physical activity were investigated during Section B, to
provide evidence-based strategies to improve breast comfort and support
through better bra design.
The studies in Section B of this thesis provided new insight into sports
bra design, by being the first research to quantify breast kinetics during physical
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activity and to investigate breast biomechanics during deep water running. In
Chapter 6 it was hypothesised that breast displacement and comfort would be
reduced when females ran in deep water compared to on a treadmill. The
results of the study, however, revealed that vertical breast displacement was
comparable during both deep water running and treadmill running, despite the
fact that exercise-induced breast discomfort was significantly less during deep
water running. This unexpected finding led to the notion that a bra designed to
decrease vertical breast velocity while increasing breast elevation, as occurred
during deep water running, had the potential decrease exercise-induced breast
discomfort during land-based running.
Important foundation knowledge for bra design was investigated in
Chapter 7. This study was this first to measure and report the magnitude of the
force experienced by the bra/breast spring during upright static posture and
during physical activity in females with large breasts while they wore different
levels of breast support.

It was hypothesised that lower forces and lower

ratings of exercise-induced breast discomfort would be associated with a higher
level of breast support and that a positive correlation would be found between
breast volume and vertical breast displacement.

The results of this study

provided biomechanical evidence regarding the level of external breast support
required during static posture and dynamic conditions of repetitive loading, such
as treadmill running. Consistent with the hypothesis, the lower breast forces
and lower ratings of exercise-induced breast discomfort found in the high level
of breast support suggest that this high level of support is necessary to allow
females, particularly those with large breasts, to achieve and maintain good
posture to prevent the development of musculoskeletal pain, while also limiting
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exercise-induced breast discomfort during physical activity.
Based on the results of Chapter 7 it was also concluded that breast
volume is an important consideration for sports bra design, due to the wide
range of breast volumes measured and the positive correlation found between
breast volume and vertical breast displacement. Therefore, the level of support
that sports bras provide should increase in accordance with increases in breast
volume. That is, a bra designed to support a 10D (~500 ml) breast should be of
different design and structure to that supporting a 16E (~1200 ml) breast.
Furthermore, as breast shape was found to affect the breast volume
measurement, breast shape should also be an important consideration when
designing sports bras. Interestingly, breast shape was also identified as an
important consideration in bra fit in Chapters 3 and 5. Therefore, breast volume
and breast shape are vital considerations to improve both the fit and design of
bras which aim to minimise exercise-induced breast discomfort.
In Chapter 8 a novel sports bra design, which incorporated the design
features established as important considerations based on breast biomechanics
in Chapter 6 and 7, were investigated.

These design features included

decreasing vertical breast displacement and velocity, increasing breast
elevation and increasing the level support relative to breast volume. Breast
compression was also incorporated into this novel design due to the previously
established benefit of breast compression on exercise-induced breast
discomfort. It was hypothesised that, compared to a commercially available
high support encapsulation sports bra, a high support bra which also elevated
and compressed the breasts would result in comparable vertical breast
displacement, less vertical breast velocity, and reduced exercise-induced breast
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discomfort and bra discomfort when females with large breast ran on a
treadmill. The results of Chapter 8 confirmed that the novel sports bra design
resulted in significantly less exercise-induced breast discomfort and bra
discomfort relative to the sports bra. It was concluded that the reduction in
discomfort was achieved through greater breast elevation and compression,
with no difference in vertical breast displacement or vertical breast velocity.
These findings offered new design strategies that have the potential to improve
current sports bra designs in order to allow females to exercise in greater
comfort, irrespective of their breast size.
In Chapter 8, the initial design aim of decreasing vertical breast velocity
for the same given stride rate during treadmill running by increasing the duration
of the breast cycle could not be achieved through the bra design features that
were tested. This was due to the strong relationship found between the breast
cycle and stride rate.

Therefore, vertical breast velocity could only be

minimised by limiting vertical breast displacement.

This finding confirmed

previous research findings which highlight that minimising vertical breast
displacement should be a fundamental design aim of any sports bra if it is to
minimise exercise-induced breast discomfort during physical activities such as
running.
Although the primary aim of this thesis was to minimise exercise-induced
breast discomfort through breast support strategies, it also provided evidence
for physical activity strategies that could minimise exercise-induced breast
discomfort in females with large breasts. For example, the results of Chapter 6
highlighted that the buoyancy of the water made deep water running a
strenuous, yet comfortable form of exercise for females with large breasts. The
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strong coupling of the breast cycle with lower limb cadence (Chapter 7 and 8)
provided evidence that physical activities with a slower lower limb cadence or
with no heel strike resulted in lower breast acceleration and generated lower
bra/breast spring force, and in turn, lower exercise-induced breast discomfort.
Furthermore, any physical activity with minimal vertical trunk displacement
(Chapters 6 to 8) would also cause less vertical breast displacement and, in
turn, less exercise-induced breast discomfort.

Therefore, exercise-induced

breast discomfort can be minimised not only through breast support strategies,
but also through the type of physical activity that females with large breasts
participate in. Activities with slower lower limb cadence, minimal vertical trunk
displacement and in deep water are therefore recommended for females with
large breasts, to maximize physical exertion while minimising exercise-induced
breast discomfort.

Conclusion
Exercise-induced breast discomfort can be minimised by improving
breast support through improvements in both bra fit (Chapters 2 to 5) and sports
bra design (Chapters 6 to 8).

It is concluded that a revision of bra sizing

guidelines (Chapters 2 to 4) and educating females in relation to professional
bra fitting criteria (Chapter 5) are the main bra fit strategies to improve breast
support and comfort during physical activity.

For bra design, greater

consideration of breast volume and breast shape, as well as the forces
generated on the bra/breast spring, particularly during the downward phase of
the breast cycle (Chapter 7), are concluded to offer improvements in breast
support and comfort during physical activity.

Specific bra cup design

modifications, which can provide greater breast elevation and compression in
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encapsulation sports bras (Chapters 6 and 8) and increase the level of support
relative to breast volume (Chapter 7), are also concluded to improve breast
support, in order to allow all females to exercise in comfort, irrespective of their
breast size.

Recommendations for Future Research
Based on the results of this thesis, the following recommendations are
made for future research in order to improve bra fit and design to minimise
exercise-induced breast discomfort of females while they participate in physical
activity:
1. A revision of the Australian guidelines for bra size measurements could
improve the standardisation of bra sizes amongst different bra
manufacturers, so that females are more likely to be one size of bra,
regardless of the bra style or brand (Chapter 2-4).

It is recommended

that a measurement system in which band size is based on the raw
under-bust chest circumference measurement (without the addition of
any arbitrary number) and cup size is based on the Breast Hemicircumference measurement (Chapter 2 and 4) be investigated.
2. The evidence-based educational resource Sports Bra Fitness (Appendix
A) and the bra fitting guide (Appendix B) could be used by schools,
clinicians and bra retailers to educate females about correct bra fit and
design (Chapter 5). It is recommended that the effect of such education
provided by health professionals, school teachers and retailers on the
bra fit and breast support status of other groups of females, such as
pregnant women, females with large breasts or the elderly, form the
basis of future research studies. Additional educational resources for
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these other groups of females could also be developed and evaluated.
3. Breast volume and breast shape should be important considerations for
any sports bra design, to ensure both adequate breast support and
correct bra fit (Chapter 4 and 7). Future research should investigate the
range of breast shapes and volumes across a large population of
females of different ages, to improve bra design for both bra fit and
breast support.
4. The current thesis was limited to an evaluation of vertical breast
displacement during treadmill running and deep water running (Chapters
6 to 8). It is recommended that breast displacement in other planes of
motion, during different activities, be investigated. In particular, activities
that involve greater trunk rotation, and consequently greater breast
movement in the medial-lateral and anterior-posterior plane, need to be
addressed.
5. The novel design features of greater breast elevation and compression
(Chapter 8) should be incorporated into current sports bra design to
further minimise exercise-induced breast discomfort in females with large
breasts. These design features may also benefit older females who do
not have large breasts but because of age, their anatomical breast
supports are likely to contribute less support to the bra/breast spring. It
is speculated that for older women, a bra will be required to make a
greater contribution to achieve adequate breast support relative to
younger women. It is recommended that this theory is investigated by
comparing vertical breast displacement and exercise-induced breast
discomfort in females with similar breast volumes but different ages.
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Subject Code: ________________________

Date: ___________________________

Selecting Better Bras to Reduce Illawarra Athletes’ Bouncing Breasts
The following questions will allow us to explore what female athletes know about bras. The
answers to the questions will remain confidential so please answer them as honestly as
possible, without discussing the answer with anyone else. We really want to find out what YOU
know about bras. Thank you.
Personal Details
(1)

What is your age?_______________ years.

(2)

What is the usual bra size you wear? ________ band size ________ cup size.

Please circle either TRUE, FALSE or I DON’T KNOW to the following questions:
(3)

It is generally acknowledged that wearing a bra with underwire can give you breast
cancer.
TRUE

(4)

I DON’T KNOW

FALSE

I DON’T KNOW

FALSE

I DON’T KNOW

All size 12D bras have the same underwire shape.
TRUE

(9)

FALSE

If one breast is bigger than the other, you should always fit the smaller breast to ensure
the bra fits properly.
TRUE

(8)

I DON’T KNOW

An Australian size 10 band size is equivalent to an American size 30 band size.
TRUE

(7)

FALSE

A bra designed to be supportive should ideally be made entirely of the one type of
material throughout the bra.
TRUE

(6)

I DON’T KNOW

The volume of a bra with a C cup is the same in all band sizes (for example, the volume
of a 10C cup is the same as the volume of a 12C or 14C cup).
TRUE

(5)

FALSE

FALSE

I DON’T KNOW

In a correctly fitted bra the underwire should sit on your ribs, not your breasts.

TRUE
FALSE
I DON’T KNOW
From the options provided, circle the correct answer:
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(10)

The aim(s) of a standard sports bra is/are:
(A)
(B)
(C)
(D)
(E)

(11)

The most supportive sports bra for athletes with larger breasts is:
(A)
(B)
(C)
(D)
(E)

(12)

(C)
(D)
(E)

hold up the weight of the breasts completely
play a secondary role to the band of the bra in holding up the weight of the
breasts
should always be on their tightest adjustment to hold up the weight of the
breasts
should not carry any of the weight of the breasts
I don’t know

Fashion bras:
(A)
(B)
(C)
(D)
(E)

(14)

a crop top
any bra with underwire
a sports bra that allows substantial breast movement
any bra that substantially decreases breast movement
I don’t know

The straps of a bra:
(A)
(B)

(13)

to keep sweat away from your body
to separate and support your breasts
to limit breast movement
all of the above
I don’t know

will not always fit you if they are exactly the same bra and size but in a different
colour (e.g. if a 12B “Berlei Barely There” fits you correctly in pink, the 12B in
black may not fit you correctly)
are a standard size for all types of fashion bras (e.g. if you fit a size 12B “Bonds
T-shirt bra”, you will also fit a size 12B “Triumph Softcup”)
are designed to be compressive and very supportive
all of the above
I don’t know

A supportive bra for a D cup or larger should have:

(A)
(D)
(E)

(C) at least 3 rows of hooks
(B) 2 rows of hooks to
1 row of hooks
to do up the bra
do up the bra
to do up the bra
no rear hooks to do up the bra (e.g. as in a crop top)
I don’t know

175

Appendix B: Knowledge Survey

(15)

Minimiser bras:
(A)
(B)
(C)
(D)
(E)

(16)

To calculate bra size, two measurements are most commonly taken. These include:
(A)
(B)
(C)
(D)
(E)

(17)

(C)
(D)
(E)

the band at the back should sit higher than the band sits at the front
there should be some wrinkles in the fabric to allow it to stretch so that your
breathing is not restricted during exercise
the band should not ride up your back if you raise your arms above your head
the band will always be on the tightest hook
I don’t know

Breast discomfort experienced during exercise:
(A)
(B)
(C)
(D)
(E)

(19)

around your chest, level with the top of your breasts as well as over the most
prominent part of your breasts
around your chest, directly under your breasts as well as over the most
prominent part of your breasts
around your chest, level with the top of your breasts as well as over your chest
directly under your breasts
around your chest, directly under your breasts as well as the vertical distance
from your shoulders to each nipple
I don’t know

If the band of a sports bra fits you correctly:
(A)
(B)

(18)

have the primary aim of minimising breast movement
minimise sweating as they are made of materials that breathe
are designed to hold the breasts up and compress them against your chest
have minimal material covering the breasts
I don’t know

is related to breast size and is only experienced by females with large breasts
(sized D cup or bigger)
is related to the type of sport you play; it can be experienced in sitting sports
such as horse riding as well as sports such as running
is always completely stopped by wearing a good sports bra
occurs only during menstruation
I don’t know what breast discomfort experienced during exercise is

Ideally the straps of a supportive bra should:
(A)
(B)
(C)
(D)
(E)

be positioned on the band so that they sit as far outwards to your shoulders as
possible
be positioned on the band to sit as far inwards to your spine as possible
have a cross over design and be narrow so that they do not to get in the way of
your shoulder blades
be on their tightest adjustment in a new, correctly fitted bra
I don’t know
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(20)

Breasts are mainly supported by:
(A)
(B)
(C)
(D)
(E)

(21)

You can tell how supportive a sports bra is by:
(A)
(B)
(C)
(D)
(E)

(22)

the middle hook
the tightest hook
the loosest hook
all of the above
I don’t know

Your breast size can change:
(A)
(B)
(C)
(D)
(E)

(25)

less than 2 cm
up to 4 cm
up to 6 cm
up to 11 cm
I don’t know

The band of a new, correctly fitted bra should ideally be done up at the back on:
(A)
(B)
(C)
(D)
(E)

(24)

The tightness of the band; if it feels as if it restricts your breathing, it is very
supportive
the presence of underwire; if it has underwire, it is very supportive
the tightness of the straps; if the straps are good and tight, it is very supportive
the amount your breasts move as you run on the spot, if they do not move very
much, it is very supportive
I don’t know

During running, unsupported breasts can move vertically (up and down)
(A)
(B)
(C)
(D)
(E)

(23)

skin and Cooper’s ligaments
muscle and Cooper’s ligaments
muscle and skin
skin and bone
I don’t know

if you put on weight
at different times during your menstrual cycle
as you grow older
all of the above
I don’t know

Calculating your bra size from chest measurements:
(A)
(B)
(C)
(D)
(E)

can only be done properly by a professional bra fitter
accurately calculates your bra size
involves exactly the same method for all bra companies
calculates an approximate bra size for you
I don’t know
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(26)

Breasts are mainly made up of:
(A)
(B)
(C)
(D)
(E)

(27)

When being fitted for a new bra, if the band of a bra sized 12D was too tight for you but
the cup of the 12D bra was a perfect fit, the next size that you should try should ideally
be:
(A)
(B)
(C)
(D)
(E)

(28)

14C
14D
14E
10E
I don’t know

Ideally you should check your bra and consider replacing it:
(A)
(B)
(C)
(D)
(E)

(29)

fat and glands
muscle and fat
muscle and glands
muscle and bone
I don’t know

if it seems looser and does not fit as it well as it did
if you change your dress size
if the material seems to be wearing out
all of the above
I don’t know

While taking chest measurements to calculate the correct size for a new sports bra it is
best to wear:
(A)
(B)
(C)
(D)
(E)

a padded bra
your most comfortable bra
the clothes you plan to play sport in
a bra that compresses your breasts
I don’t know

(30)

The ideal way to care for your bra is to:
(A)
wash it in a washing machine with the hooks undone
(B)
hand wash it and put it in the dryer
(C)
wash it in a washing machine with the hooks done up
(D)
wash it as little as possible
I don’t know
(E)

(31)

If the under wire of your bra is digging in it could indicate that:
(A)
(B)
(C)
(D)
(E)

the straps are too loose
the sideband of the bra is too narrow
the bra is too old and it has changed shape
(A) and (B)
I don’t know
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(32)

Problems that can occur from ill-fitting bras include:
(A)
(B)
(C)
(D)
(E)

(33)

A high level of breast support is necessary for:
(A)
(B)
(C)
(D)
(E)

(34)

neck and upper back pain
breast discomfort with exercise
nerve pain in the arms
all of the above
I don’t know

larger breasts that move a lot and hurt during exercise
smaller breasts that do not move very much but that hurt during exercise
larger breasts that move a lot during walking
all of the above
I don’t know

Poorly supported breasts can:
(A)
(B)
(C)
(D)
(E)

cause poor posture
move excessively during exercise
hurt during exercise
all of the above
I don’t know

Please answer the following questions in the space provided
(35)

Do you think the bra you are wearing at this moment fits you properly?

YES / NO

If NO, explain why you think it doesn’t fit you?
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
(36)

How long do you generally keep a bra for before you throw it out (please tick)?








< 3 months
3-6 months
6-12 months
12-18 months
>18 months
I do not wear a bra
I just got my first bra within the past 3 months
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(37)

On the following pictures name the different parts of the bra, according to the arrows,
and briefly describe what you would look for in this part of the bra to make sure it fits you
properly:
Name:_________________
What to look for:_________
______________________
Name:_________________
What to look for:_________
______________________

Name:_________________
What to look for:_________
______________________
Name:_________________
What to look for: ________
______________________
Name:_________________
What to look for:_________
______________________

Name:_________________
What to look for: ________
______________________
Name:_________________
What to look for:_________
______________________
Name:_________________
What to look for:_________
______________________
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(38)

In the space next to each picture, CIRCLE whether the bra fits the wearer or not. If it
does not fit, state why it does not fit.
BRA FITS / BRA DOES NOT FIT
If NOT, why not:_________________________
______________________________________
______________________________________
BRA FITS / BRA DOES NOT FIT
If NOT, why not:_________________________
______________________________________
______________________________________

BRA FITS / BRA DOES NOT FIT
If NOT, why not:_________________________
______________________________________

BRA FITS / BRA DOES NOT FIT
If NOT, why not:_________________________
______________________________________
______________________________________

(39)

Have you ever been professionally fitted for an everyday bra?
If YES, how long since you were last fitted (please tick)?






< 3 months
3-6 months
6-12 months
12-18 months
> 18 months
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(40)

Have you ever been professionally fitted for a sports bra?

YES / NO

If YES, how long since you were last fitted (please tick)?





(41)

< 3 months
3-6 months
6-12 months
12-18 months
>18 months

Do you buy your own sports bras

YES / NO

If NO, who buys them for you? _____________________________________________
Do you try your sports bras on when you are deciding which one to buy?
(42)

Please indicate where most of your bras are purchased from. Rank these in order (i.e.
1, 2, 3 etc where 1 is the most likely place your bras would be purchased from and 9 is
the least likely):










(43)

YES / NO

department store with bra fitters where you are professionally fitted (e.g. Myer,
David Jones)
department store with bra fitters but you fit yourself (e.g. Myer, David Jones)
discount store without fitters (e.g. Kmart, Big W, Target, Best and Less)
specialty bra store where you are professionally fitted
specialty bra store where you fit yourself
factory outlet store
supermarket
internet
other (please specify): _______________________________________________

Please complete the table below indicating what sport(s) you are currently involved in;
your grade or level for each sport (e.g. A grade regional competition); and the type of
breast support or bra you typically wear for each sport.

Sport Played

Level

Hours per week
(train and play)
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(44)

Does your breast size restrict the types of activities that you participate in?

YES / NO

If YES, what activities do you NOT participate in because of your breast size?
______________________________________________________________________
______________________________________________________________________
(45)

How many times would you wear a sports bra before you wash it? _________________

(46)

Do you currently suffer from breast discomfort during exercise?

YES / NO

If YES, describe what typically causes this to occur?
______________________________________________________________________
______________________________________________________________________

(47)

Do you suffer from breast pain that occurs at a particular time during your menstrual
cycle?
YES / NO

(48)

What type of bra do you wear most of the time when participating in sport? (Tick only
one box)











(49)

crop top
sports bra (breasts in 2 separate cups)
T-shirt bra
fashion bra
non underwire fashion bra
singlet top with crop top insert
no bra
2 bras
fashion bra and crop top
other (please specify): _______________________________________________

Rank the following parts of a bra (1-5) to show which parts are most important to you to
ensure the bra is comfortable for you to wear. Rank 1 is the most important and 5 is the
least important:






band width
straps
underwire shape
material
other (please specify): _______________________________________________
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(50)

Rank the following factors (1-7) that you think are most important when selecting a new
sports bra. Rank 1 is the most important and 7 is the least important:









(51)

Please tick any or all of the comments below that are true for you. The bra I wear during
sport is not perfect, I would like to change:












(52)

how you look in it
how comfortable it is
how much it costs
the colour of it
the amount of support it gives you
the amount your breasts move as you run on the spot in it
whether it fits you
other (please specify): _______________________________________________

the look of it, it does not look attractive
the band, It is too tight and constrictive
the support, I wish it was more supportive
the look of me in it, my breasts seem too pointy in it
the fabric, it is not comfortable
the straps, they are uncomfortable
the straps, they keep slipping off
the underwire, it digs in
the fit, I can’t get one to fit me correctly
the bra I wear is perfect
other (please specify): ______________________________________

If you had a chance to make recommendations to the leading bra manufacturers
regarding the current bras available to wear during exercise, what would you say?
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
______________________________________________________________________
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Are you wearing the right size bra?
Best Fit
Straps NOT
digging into
the
shoulders

Breast NOT
bulging over
the top of
the cup

Front centre band
in contact with the
ribcage, NOT
gaping away from
the body

Breast fully
contained in cup
with NO wrinkles
in the cup

NO bulge of flesh over the
band of the bra and a
sufficiently wide band (3
clips for a D cup)
NO wrinkles in the
band

NO bulge of flesh over
sideband

Underwire to sit on
ribcage, NOT on breast
tissue

Posterior band level with
front band
Breasts elevated, NOT hanging but
are slightly compressed
Copyright DE McGhee (2005)
For further copies contact DE McGhee, UOW, 02 42 21 3881
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Too Big

Posterior band sits higher than the front band
because straps are too tight. Band moves from
position, elevating as arms are moved above the
head. Not firm around trunk when on middle clip.

Wrinkles in cup; NOT lifting
and compressing breasts

Too Small

Straps
digging into
shoulders

Breast
bulging
over the top
of the cup

Front centre band not in
contact with the ribcage (not
always possible in F+ sizes)

Underwire
sitting on
breast
tissue, not
rib cage

Other considerations:



Strap falling off shoulders: Bra design has straps too lateral.
Underwire digging in: Underwire is the incorrect shape for breast.
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Flesh bulging over
side and posterior
band; band feels
uncomfortably tight
on loosest clip

